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Abstract 

This article reports world averages of measurements of 6-hadron, c-hadron, and r- 
lepton properties obtained by the Heavy Flavor Averaging Group (HFAG) using results 
available through the end of 2011. In some cases results available in the early part of 2012 
are included. For the averaging, common input parameters used in the various analyses 
are adjusted (rescaled) to common values, and known correlations are taken into account. 
The averages include branching fractions, lifetimes, neutral meson mixing parameters, 
CP violation parameters, parameters of semileptonic decays and CKM matrix elements. 
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1 Introduction 



Flavor dynamics is an important element in understanding the nature of particle physics. The 
accurate knowledge of properties of heavy flavor hadrons, especially b hadrons, plays an essential 
role for determining the elements of the Cabibbo-Kobayashi-Maskawa (CKM) weak-mixing 
matrix [Il[2]. The operation of the Belle and BABAR e^e~ B factory experiments led to a large 
increase in the size of available B meson, D hadron and r lepton samples, enabling dramatic 
improvement in the accuracies of related measurements. The CDF and DO experiments at the 
Fermilab Tevatron have also provided important results in heavy flavor physics, most notably 
in the 5° sector. The CERN Large Hadron Collider is now delivering high luminosity, enabling 
the collection of even higher statistics samples of h and c hadrons at the ATLAS, CMS, and 
(especially) LHCb experiments. 

The Heavy Flavor Averaging Group (HFAG) was formed in 2002 to continue the activities of 
the LEP Heavy Flavor Steering group [3] . This group was responsible for calculating averages of 
measurements of 6-flavor related quantities. HFAG has evolved since its inception and currently 
consists of seven subgroups: 

• the "5 Lifetime and Oscillations" subgroup provides averages for 6-hadron lifetimes, h- 
hadron fractions in T(4S') decay and pp collisions, and various parameters governing 
B^-W and mixing; 

• the "Unitarity Triangle Parameters" subgroup provides averages for time- dependent CP 
asymmetry parameters and resulting determinations of the angles of the CKM unitarity 
triangle; 

• the "Semileptonic B Decays" subgroup provides averages for inclusive and exclusive B- 
decay branching fractions, and subsequent determinations of the CKM matrix elements 

\Vcb\ and \Vub\] 

• the to Charm Decays" subgroup provides averages of branching fractions for B decays 
to final states involving open charm or charmonium mesons; 

• the "Rare Decays" subgroup provides averages of branching fractions and CP asymmetries 
for charmless, radiative, leptonic, and baryonic B meson decays; 

• the "Charm Physics" subgroup provides averages of branching fractions for D meson 
hadronic and semileptonic decays, averages of D^-D'^ mixing and CP and T violation 
parameters, and an average value for the decay constant /j^^. The subgroup also 
documents properties of charm baryons, and upper limits for rare and forbidden D^, 
D'lly and A'^ decays. 

• the "Tau Physics" subgroup provides documentation and averages for the r lepton branch- 
ing fractions and the resulting determination of the CKM matrix element \Vus\, and doc- 
uments upper limits for r lepton-flavor-violating decays. 

The "Lifetime and Oscillations" and "Semileptonic" subgroups were formed from the merger 
of four LEP working groups. The "Unitary Triangle," "5 to Charm Decays," and "Rare 
Decays" subgroups were formed to provide averages for new results obtained from the B factory 
experiments (and now also from the Fermilab Tevatron and CERN LHC experiments). The 
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"Charm" and "Tau" subgroups were formed more recently in response to the wealth of new 
data concerning D and r decays. Subgroup typically include representatives from Belle and 
BABAR and, when relevant, CLEO, CDF, DO and LHCb. 

This article is an update of the last HFAG preprint, which used results available at least 
through the end of 2009 Here we report world averages using results available at least 
through the end of 2011. In some cases results available in the early part of 2012 have been 
included^ In general, we use all publicly available results that have written documentation. 
These include preliminary results presented at conferences or workshops. However, we do not 
use preliminary results that remain unpublished for an extended period of time, or for which 
no publication is planned. Close contacts have been established between representatives from 
the experiments and members of subgroups that perform averaging to ensure that the data are 
prepared in a form suitable for combinations. 

In the case of obtaining a world average for which x^/dof > 1, where dof is the number 
of degrees of freedom in the average calculation, we do not scale the resulting error, as is 
presently done by the Particle Data Group [5]. Rather, we examine the systematics of each 
measurement to better understand them. Unless we find possible systematic discrepancies 
between the measurements, we do not apply any additional correction to the calculated error. 
We provide the confidence level of the fit as an indicator for the consistency of the measurements 
included in the average. In case some special treatment was necessary to calculate an average, 
or if an approximation used in an average calculation might not be sufficiently accurate {e.g., 
assuming Gaussian errors when the likelihood function indicates non-Gaussian behavior), we 
include a warning message. 

Chapter [2] describes the methodology used for calculating averages. In the averaging proce- 
dure, common input parameters used in the various analyses are adjusted (rescaled) to common 
values, and, where possible, known correlations are taken into account. Chapters [3H9] present 
world average values from each of the subgroups listed above. A brief summary of the aver- 
ages presented is given in Chapter [TOl A complete listing of the averages and plots, including 
updates since this document was prepared, are also available on the HFAG web site: 

http : //www . slac . Stanford . edu/ xorg/hf agj 

2 Methodology 

The general averaging problem that HFAG faces is to combine information provided by dif- 
ferent measurements of the same parameter to obtain our best estimate of the parameter's 
value and uncertainty. The methodology described here focuses on the problems of combining 
measurements performed with different systematic assumptions and with potentially-correlated 
systematic uncertainties. Our methodology relies on the close involvement of the people per- 
forming the measurements in the averaging process. 

Consider two hypothetical measurements of a parameter x, which might be summarized as 

z = xi ± 5xi ± Axi^i ± Ax2,i . . . 

X = X2 ± 5X2 ± Axi_2 ± AX2,2 • • • , 

^ The precise cut-off date for including results in the averages varies between subgroups. 
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where the 5xk are statistical uncertainties, and the Axj^fc are contributions to the systematic 
uncertainty. One popular approach is to combine statistical and systematic uncertainties in 
quadrature 

x = xi± {5xi © Axi,i © Ax2,i © . . .) 
x = X2± {5x2 © Aa;i,2 © Aa;2,2 © • • •) 

and then perform a weighted average of xi and X2, using their combined uncertainties, as if 
they were independent. This approach suffers from two potential problems that we attempt 
to address. First, the values of the x^ may have been obtained using different systematic 
assumptions. For example, different values of the lifetime may have been assumed in 
separate measurements of the oscillation frequency Am^. The second potential problem is 
that some contributions of the systematic uncertainty may be correlated between experiments. 
For example, separate measurements of Am^ may both depend on an assumed Monte-Carlo 
branching fraction used to model a common background. 

The problems mentioned above are related since, ideally, any quantity Ui that Xk depends 
on has a corresponding contribution Axj jt to the systematic error which reflects the uncertainty 
A?/i on yi itself. We assume that this is the case and use the values of yi and A^/j assumed 
by each measurement explicitly in our averaging (we refer to these values as yi^k and ^yi^k 
below). Furthermore, since we do not lump all the systematics together, we require that each 
measurement used in an average have a consistent definition of the various contributions to the 
systematic uncertainty. Different analyses often use different decompositions of their systematic 
uncertainties, so achieving consistent definitions for any potentially correlated contributions 
requires close coordination between HFAG and the experiments. In some cases, a group of 
systematic uncertainties must be combined to obtain a coarser description that is consistent 
between measurements. Systematic uncertainties that are uncorrelated with any other sources 
of uncertainty appearing in an average are lumped together with the statistical error, so that 
the only systematic uncertainties treated explicitly are those that are correlated with at least 
one other measurement via a consistently-defined external parameter When asymmetric 
statistical or systematic uncertainties are quoted, we symmetrize them since our combination 
method implicitly assumes parabolic likelihoods for each measurement. 

The fact that a measurement of x is sensitive to the value of yi indicates that, in principle, 
the data used to measure x could equally-well be used for a simultaneous measurement of x and 
yi, as illustrated by the large contour in Fig. [T](a) for a hypothetical measurement. However, 
we often have an external constraint A?/j on the value of yi (represented by the horizontal band 
in Fig. [11(a)) that is more precise than the constraint cr(?/j) from our data alone. Ideally, in 
such cases we would perform a simultaneous fit to x and including the external constraint, 
obtaining the filled (x, y) contour and corresponding dashed one-dimensional estimate of x 
shown in Fig. [T]^a). Throughout, we assume that the external constraint A?/j on y^ is Gaussian. 

In practice, the added technical complexity of a constrained fit with extra free parameters 
is not justified by the small increase in sensitivity, as long as the external constraints A?/, are 
sufficiently precise when compared with the sensitivities aiiji) to each yi of the data alone. 
Instead, the usual procedure adopted by the experiments is to perform a basehne fit with all yi 
fixed to nominal values yi^, obtaining x = xo±6x. This baseline fit neglects the uncertainty due 
to Ayi, but this error can be mostly recovered by repeating the fit separately for each external 
parameter yi with its value fixed at yi = yi^ + Ayi to obtain x = Xi^ ± Sx, as illustrated in 
Fig. [^b). The absolute shift, \xifi — Xo|, in the central value of x is what the experiments 
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Figure 1: The left-hand plot (a) compares the 68% confidence- level contours of a hypothetical 
measurement's unconstrained (large ellipse) and constrained (filled ellipse) likelihoods, using 
the Gaussian constraint on yi represented by the horizontal band. The solid error bars repre- 
sent the statistical uncertainties a{x) and o"(?/j) of the unconstrained likelihood. The dashed 
error bar shows the statistical error on x from a constrained simultaneous fit to x and Ui. 
The right-hand plot (b) illustrates the method described in the text of performing fits to x 
with Hi fixed at different values. The dashed diagonal line between these fit results has the 
slope p{x,yi)a{yi)/a{x) in the limit of a parabohc unconstrained likelihood. The result of the 
constrained simultaneous fit from (a) is shown as a dashed error bar on x. 
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usually quote as their systematic uncertainty Axj on x due to the unknown value of Our 
procedure requires that we know not only the magnitude of this shift but also its sign. In the 
limit that the unconstrained data is represented by a parabolic likelihood, the signed shift is 
given by 

Axi = p(x, A?/i , (1) 

where a{x) and p{x,yi) are the statistical uncertainty on x and the correlation between x and 
Ui in the unconstrained data. While our procedure is not equivalent to the constrained fit with 
extra parameters, it yields (in the limit of a parabolic unconstrained likelihood) a central value 
Xq that agrees to 0{Ayi/a{yi)y and an uncertainty 6x © Axi that agrees to 0{Ayi/ a{iii)Y . 

In order to combine two or more measurements that share systematics due to the same 
external parameters we would ideally perform a constrained simultaneous fit of all data 
samples to obtain values of x and each j/j, being careful to only apply the constraint on each yi 
once. This is not practical since we generally do not have sufficient information to reconstruct 
the unconstrained likelihoods corresponding to each measurement. Instead, we perform the 
two-step approximate procedure described below. 

Figs.[2](a,b) illustrate two statistically- independent measurements, Xi±((5xi©Axi_i) and 0:2 ± 
{5xi® Axi^2), of the same hypothetical quantity x (for simplicity, we only show the contribution 
of a single correlated systematic due to an external parameter yi). As our knowledge of the 
external parameters yi evolves, it is natural that the different measurements of x will assume 
different nominal values and ranges for each yi. The first step of our procedure is to adjust the 
values of each measurement to refiect the current best knowledge of the values y[ and ranges 
Ay[ of the external parameters yi, as illustrated in Figs. [2t^c,b). We adjust the central values 
Xk and correlated systematic uncertainties Axi^k linearly for each measurement (indexed by k) 
and each external parameter (indexed by i): 

x'k = Xk + Y^ {y[ - yi,k) (2) 



i,k 



A<. - A.,,. .M.. (3) 

This procedure is exact in the limit that the unconstrained likelihoods of each measurement is 
parabolic. 

The second step of our procedure is to combine the adjusted measurements, x'^ ± {6xk © 
Ax'i^ ^ © Ax'i^ 2 © • • •) using the chi-square 



2 

, (4) 



and then minimize this to obtain the best values of x and yi and their uncertainties, as 
illustrated in Fig. [3l Although this method determines new values for the yi, we do not report 
them since the Axi^k reported by each experiment are generally not intended for this purpose 
(for example, they may represent a conservative upper limit rather than a true reflection of a 
68% confidence level). 

For comparison, the exact method we would perform if we had the unconstrained likelihoods 
^fc(a;, 2/1, 2/2, • • •) available for each measurement is to minimize the simultaneous constrained 



10 




Figure 2: The upper plots (a) and (b) show examples of two individual measurements to be 
combined. The large ellipses represent their unconstrained likelihoods, and the filled ellipses 
represent their constrained likelihoods. Horizontal bands indicate the different assumptions 
about the value and uncertainty of Ui used by each measurement. The error bars show the 
results of the approximate method described in the text for obtaining x by performing fits 
with Hi fixed to different values. The lower plots (c) and (d) illustrate the adjustments to 
accommodate updated and consistent knowledge of Ui as described in the text. Open circles 
mark the central values of the unadjusted fits to x with y fixed; these determine the dashed 
line used to obtain the adjusted values. 
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Figure 3: An illustration of the combination of two hypothetical measurements of x using the 
method described in the text. The ellipses represent the unconstrained likelihoods of each 
measurement, and the horizontal band represents the latest knowledge about yi that is used 
to adjust the individual measurements. The filled small ellipse shows the result of the exact 
method using £comb, and the hollow small ellipse and dot show the result of the approximate 
method using xLmb- 



12 



likelihood 

>Ccomb(a;, yi, 2/2, . . .) = • • •) H ' 

with an independent Gaussian external constraint on each yi 



Ci{yi) = exp 



1 / /\ 2' 



(6) 



The results of this exact method are illustrated by the filled ellipses in Figs. [3t^a,b) and agree 
with our method in the limit that each Ck is parabolic and that each ^y[ <C cr{yi)- In the case 
of a non-parabolic unconstrained likelihood, experiments would have to provide a description 
of Ck itself to allow an improved combination. In the case of cr(?/j) ~ Ay^', experiments are 
advised to perform a simultaneous measurement of both x and y so that their data will improve 
the world knowledge about y. 

The algorithm described above is used as a default in the averages reported in the following 
sections. For some cases, somewhat simplified or more complex algorithms are used and noted in 
the corresponding sections. Some examples for extensions of the standard method for extracting 
averages are given here. These include the case where measurement errors depend on the 
measured value, i.e. are relative errors, unknown correlation coefficients and the breakdown of 
error sources. 

For measurements with Gaussian errors, the usual estimator for the average of a set of 
measurements is obtained by minimizing the following x^: 

i * 

where y^ is the measured value for input i and af is the variance of the distribution from which yi 
was drawn. The value t of t at minimum is our estimator for the average. (This discussion is 
given for independent measurements for the sake of simplicity; the generalization to correlated 
measurements is straightforward, and has been used when averaging results.) The true ai are 
unknown but typically the error as assigned by the experiment af™ is used as an estimator for 
it. Caution is advised, however, in the case where a^'^" depends on the value measured for y^. 
Examples of this include an uncertainty in any multiplicative factor (like an acceptance) that 
enters the determination of yi, i.e. the \/iV dependence of Poisson statistics, where yi oc N 
and (Tj oc \/N. Failing to account for this type of dependence when averaging leads to a biased 
average. Biases in the average can be avoided (or at least reduced) by minimizing the following 

In the above ai{t) is the uncertainty assigned to input i that includes the assumed dependence 
of the stated error on the value measured. As an example, consider a pure acceptance error, for 
which ai{t) = (t/yi) x a^*^" . It is easily verified that solving Eq. |H] leads to the correct behavior, 
namely 



raw\2 
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i.e. weighting by the inverse square of the fractional uncertainty, af^ jyi. It is sometimes 
difficult to assess the dependence of a^^™ on t from the errors quoted by experiments. 

Another issue that needs careful treatment is the question of correlation among different 
measurements, e.g. due to using the same theory for calculating acceptances. A common 
practice is to set the correlation coefficient to unity to indicate full correlation. However, this 
is not a "conservative" thing to do, and can in fact lead to a significantly underestimated 
uncertainty on the average. In the absence of better information, the most conservative choice 
of correlation coefficient between two measurements i and j is the one that maximizes the 
uncertainty on t due to that pair of measurements: 

a' = ^-^^^"^^^ f9) 



namely 



Pij = min (—,— ), (10) 



which corresponds to setting crf(jj-) = min(crj , aj). Setting pij = 1 when ai aj can lead to a 

significant underestimate of the uncertainty on t, as can be seen from Eq. IHJ 

Finally, we carefully consider the various sources of error contributing to the overall uncer- 
tainty of an average. The overall covariance matrix is constructed from a number of individual 
sources, e.g. V = Vstat + Vgys + Vth- The variance on the average t can be written 



-1^ 



= 7 ^2 = (^stat + (^sys + ^th- (H) 



(y v-^ 



Written in this form, one can readily determine the contribution of each source of uncertainty 
to the overall uncertainty on the average. This breakdown of the uncertainties is used in the 
following sections. 

Following the prescription described above, the central values and errors are rescaled to a 
common set of input parameters in the averaging procedures according to the dependency on 
any of these input parameters. We try to use the most up-to-date values for these common 
inputs and the same values among the HFAG subgroups. For the parameters whose averages 
are produced by HFAG, we use the values in the current update cycle. For other external 
parameters, we use the most recent PDG values available (usually Ref. [5]). The parameters 
and values used are listed in each subgroup section. 
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3 6-hadron production fractions, lifetimes and mixing 
parameters 

Quantities such as 6-hadron production fractions, 6-hadron lifetimes, and neutral S-meson 
oscillation frequencies have been studied in the nineties at LEP and SLC (e^e~ colliders at 
a/s = mz) as well as at the first version of the Tevatron {pp collider at ^/s = 1.8 TeV). 
Since then precise measurements of the and mesons have also been performed at the 
asymmetric B factories, KEKB and PEPII (e"'"e~ colliders at ^/s = mr(4s)) while measurements 
related to the other 6-hadrons, in particular B^, B^ and A^, have been performed at the 
upgraded Tevatron (-y/i =1.96 TeV) and are continuing at the LHC {pp collider at a/s = 7 TeV). 
In most cases, these basic quantities, although interesting by themselves, became necessary 
ingredients for the more complicated and refined analyses at the asymmetric B factories, the 
Tevatron and the LHC, in particular the time- dependent CP asymmetry measurements. It is 
therefore important that the best experimental values of these quantities continue to be kept 
up-to-date and improved. 

In several cases, the averages presented in this chapter are needed and used as input for 
the results given in the subsequent chapters. Within this chapter, some averages need the 
knowledge of other averages in a circular way. This coupling, which appears through the b- 
hadron fractions whenever inclusive or semi-exclusive measurements have to be considered, has 
reduced drastically in the past several years with increasingly precise exclusive measurements 
becoming available and dominating practically all averages. 

In addition to 6-hadron fractions, lifetimes and mixing parameters, this chapter also deals 
with the CP- violating phase 0^^^* ~ — 2/3^, which is the phase difference between the B^ mixing 
amplitude and the b — )■ ccs decay amphtude. The angle (3, which is the equivalent of f3s for the 
B^ system, is discussed in Chapter HI 

3.1 6-hadron production fractions 

We consider here the relative fractions of the different 6-hadron species found in an unbiased 
sample of weakly-decaying b hadrons produced under some specific conditions. The knowledge 
of these fractions is useful to characterize the signal composition in inclusive 6-hadron analyses, 
to predict the background composition in exclusive analyses, or to convert (relative) observe 
rates into (relative) branching fraction measurements. Many S-physics analyses need these 
fractions as input. We distinguish here the following three conditions: T(4S') decays, T{5S) 
decays, and high-energy collisions (including Z° decays). 

3.1.1 b-hadron production fractions in Y(4S) decays 

Only pairs of the two lightest (charged and neutral) B mesons can be produced in T{AS) decays, 
and it is enough to determine the following branching fractions: 



/ 



r(r(4S)^fi+5-)/rtot(r(4S)), 
r(r(45)^fi°#')/rtot(r(4S)). 



(12) 
(13) 



■00 



In practice, most analyses measure their ratio 



^+-/oo _ /+-//00 _ Y{T{AS) B+B-)/T{T{AS) BW) , 



(14) 
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Table 1: Published measurements of the B~^/B^ production ratio in T(4S') decays, together 
with their average (see text). Systematic uncertainties due to the imperfect knowledge of 
t{B^) /t{B^) are included. The latest BABML result |6j supersedes the earlier BABMi measure- 
ments miH]. 



Experiment 


Ref. 


Decay modes 


Published value of 


Assumed value 


and year 




or method 


^+-/00 ^ /+"/ 


of r(5+)/r(50) 


CLEO, 2001 


m 




1.04 ±0.07 ±0.04 


1.066 ±0.024 


BABAR, 2002 


m 




1.10 ±0.06 ±0.05 


1.062 ±0.029 


CLEO, 2002 


m 


DHv 


1.058 ±0.084 ±0.136 


1.074 ± 0.028 


Belle, 2003 


m 


dilepton events 


1.01 ±0.03 ±0.09 


1.083 ±0.017 


BAR4R, 2004 


n 


J/ipK 


1.006 ±0.036 ±0.031 


1.083 ±0.017 


BABAR, 2005 






1.06 ±0.02 ±0.03 


1.086 ±0.017 


Average 






1.056 ± 0.028 (tot) 


1.079 ±0.007 



which is easier to access experimentally. Since an inclusive (but separate) reconstruction of 
B~^ and B^ is difficult, specific exclusive decay modes, B~^ — )■ and B^ — )■ x^, are usually 
considered to perform a measurement of whenever they can be related by isospin 

symmetry (for example B^ — t- J/ipK^ and B^ — )■ J/ipK^). Under the assumption that r{B^ — t- 
x~^) = r{B^ — > x°), i.e. that isospin invariance holds in these B decays, the ratio of the number 
of reconstructed B^ — > x^ and B^ — )■ x^ mesons is proportional to 

/+- BiB+ ^ .T+) _ /+- TiB+ ^ x+) r(i?+) _ /+- r(i?+) 
/oO-B(EO^xO) /oor(50 ^xO)r(50) t^B^) ' ^ ^ 

where t{B^) and t{B^) are the B^ and B^ lifetimes respectively. Hence the primary quantity 
measured in these analyses is W /°°r(i?+)/r(i?°), and the extraction of with this 

method therefore requires the knowledge of the t{B^)/t{B^) lifetime ratio. 

The published measurements of R~^~^'^^ are listed in Table [1] together with the corresponding 
assumed values of t{B^) /t{B^). All measurements are based on the above-mentioned method, 
except the one from Belle, which is a by-product of the 5° mixing frequency analysis using 
dilepton events (but note that it also assumes isospin invariance, namely r{B~^ — )• i~^X.) = 
r{B^ —7- ^^X)). The latter is therefore treated in a slightly different manner in the following 
procedure used to combine these measurements: 

• each published value of from CLEO and BABAR is first converted back to the 
original measurement of '^{B^) I ^{B^\ using the value of the lifetime ratio assumed 
in the corresponding analysis; 

• a simple weighted average of these original measurements of R^^l^^ TiB^^jriBS'^ from 
CLEO and BABAR (which do not depend on the assumed value of the lifetime ratio) is 
then computed, assuming no statistical or systematic correlations between them; 

• the weighted average of R'^^^^^ t(B^)/t(B^) is converted into a value of i?"'""/''^, using 
the latest average of the lifetime ratios, t{B+)/t{B°) = 1.079 ± 0.007 (see Sec. [323]); 
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• the Belle measurement of W' is adjusted to the current values of t{B^) = 1.519 ± 
0.007 ps and t{B+)/t{B^) = 1.079 ± 0.007 (see Sec. KTm . using the quoted systematic 
uncertainties due to these parameters; 

• the combined value of i?"*""/*^" from CLEO and BABAR is averaged with the adjusted value 
of from Belle, assuming a 100% correlation of the systematic uncertainty due to 
the limited knowledge on t{B^)/t{B^); no other correlation is considered. 

The resulting global average, 

f+- 

= :L_ = 1.056 ±0.028, (16) 

is consistent with an equal production of charged and neutral B mesons, although only at the 
2.0 a level. 

On the other hand, the BABAR collaboration has performed a direct measurement of the f^^ 
fraction using an original method, which does not rely on isospin symmetry nor requires the 
knowledge of t{B~^)/t{B^). Its analysis, based on a comparison between the number of events 
where a single B^ — )■ D*~i~^i> decay could be reconstructed and the number of events where 
two such decays could be reconstructed, yields [12] 

/oo = 0.487 ± 0.010 (stat) ± 0.008 (syst) . (17) 

The two results of Eqs. flTB]) and flTTl) are of very different natures and completely indepen- 
dent of each other. Their product is equal to = 0.514 ± 0.019, while another combination 
of them gives f~^~ + = 1.001 ±0.030, compatible with unity. Assuming /"*"" ± f^^ = 1, also 
consistent with CLEO's observation that the fraction of T(4S') decays to BB pairs is larger 
than 0.96 at 95% CL ^14j|, the results of Eqs. ( IT6|) and (fT7|) can be averaged (first converting 
Eq. (fT6l) into a value of /"^^ = l/(i?+~/°° ± 1)) to yield the following more precise estimates: 

f+- 

/°° = 0.487 ±0.006, /+- = l-/°° = 0.513 ±0.006, = 1.055 ± 0.025 . (18) 

The latter ratio differs from one by 2.2 a. 



3.1.2 b-hadron production fractions in Y{5S) decays 

Hadronic events produced in e~^e~ collisions at the T{5S) energy can be classified into three 
categories: light-quark (m, d, s, c) continuum events, bb continuum events, and T{5S) events. 
The latter two cannot be distinguished and will be called bb events in the following. These bb 
events, which also include 667 events because of possible initial-state radiation, can hadronize 
in different final states. We define f^f^^ as the fraction of bb events with a pair of non-strange 
bottom mesons (BB, BB*, B*B, B*B*, BBn, BB\, B*Bn, B*B\, and BBrni final states, 
where B denotes a B° or B+ meson and B denotes a B° or B~ meson), fl^^^'' as the fraction 

few non-BB decay modes of the T(4S') (T(15)7r+7r^ , T(2S')7r+7r^, T{lS)ri) have been observed with 
branching fractions of the order of 10~^ [13], corresponding to a partial width several times larger than that in 
the e+e" channel. However, this can still be neglected and the assumption + = 1 remains valid in the 
present context of the determination of /"' and /°°. 
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Table 2: Published measurements of fl^^^\ All values have been obtained assuming f^^^^^ = 0. 
They are quoted as in the original publications, except for the most recent measurement which 
is quoted as 1 — f^f^\ with f^f^^ from Ref. [15j. The last line gives our average of fl^^^^ 



rT(5S) ri 

assummg ' = U 



Experiment, year, dataset Decay mode or method Value of fl'"^^^ 

CLEO, 2006, 0.42 fb"' [16j T{5S) D,X 0.168 ± 0.026l^-^^^ 

r(55) ^ (pX 0.246 ± 0.029l°i^° 

T{5S) ^ BBX 0.411 ±0.100 ±0.092 

CLEO average of above 3 0-2llao3 

Belle, 2006, 1.86 fb"' [H] T{5S) DsX 0.179 ± 0.014 ± 0.041 

T{bS)^D^X 0.181 ±0.036 ±0.075 

Belle average of above 2 0.180 ± 0.013 ± 0.032 

Belle, 2010, 23.6 fb~' [I5] T{hS) BBX 0.263 ± 0.032 ± 0.051 
Average of all above after adjustments to inputs of Table [3] 0.215 ± 0.032 



Table 3: External inputs on which the fl^^^^ averages are based. 



Branching fraction Value Explanation and reference 

B{B DsX) X B{Ds (pTx) 0.00374 ± 0.00014 derived from ^ISj 

DsX) 0.92 ± 0.11 model-dependent estimate [19] 

B{Ds (pn) 0.045 ± 0.004 |18] 

B{B D^X) X B{D^ Kn) 0.0243 ± 0.0011 derived from [18] 

B{B^s D^X) 0.08 ± 0.07 model-dependent estimate 

bId^ Kn) 0.0387 ± 0.0005 [18\ 

B{B -> 0X) 0.0343 ± 0.0012 world average [l6l[T8] 

B{B^s W 0.161 ± 0.024 model-dependent estimate [IS] 



of hh events with a pair of strange bottom mesons {B^B^, B^B^ , B^*Bg, and B^*Bg final 
states), and f^^^^^ as the fraction of bb events without bottom meson in the final state. Note 
that the excited bottom-meson states decay via B* — ^ B'-f and B^* — )■ B^'y. These fractions 
satisfy 

The CLEO and Belle collaborations have published in 2006 measurements of several inclu- 
sive T{5S) branching fractions, B{T{5S) DsX), B{T{5S) (pX) and B{T{5S) D^X), 
from which they extracted the mo del- dependent estimates of fl^^^^ reported in Table O This 
extraction was performed under the implicit assumption f^^^ = 0, using the relation 

^B{T{5S) ^ DsX) = /p^) X ^ DsX) ± (l - /p^) - f^^''^) x B{B ^ DsX) , (20) 
and similar relations for B{T{5S) D^X) and B{T{5S) (pX). We list also in Table |2] the 
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values of fl^^^^ derived from measurements of f^f^^ = B{T{5S) BBX) [l5l[T6], as well as 
our average value of fl^^^\ all obtained under the assumption f^^^^^ = 0. 

However, the assumption fp^^^^ = is no longer valid since the observation of T{5S) 
decays to T(lS')7r+7r~, T(2S')7r"'"7r~, T(3S')7r+7r^ and T{1S)K^K~ [20], and more recently to 
hf,{lP)7i^7i^ and hb{2P)TT~^'n'~ [21]. The sum of these measured branching fractions, adding 

also the contributions of the r(15)7rV, T{2S)7r\^, T{3S)n'^7i^, T{lS)K^'lf, hb{lP)7T^n^ and 
hh{2P)7i^7T^ final states assuming isospin conservation, amounts to 

B{T{5S) {bb)hh) = 0.042 ±0.006, for [bb) = T{lS,2S,3S),h{lP,2P) and hh = inr, KK , 

which is to be considered as a lower bound for f'^^^^^ ■ Following the method described in 
Ref. [22], we perform a fit of the original measurements of the T{5S) branching fractions of 
Refs. [T514T7] , using the inputs of Table [3l the relations of Eqs. f|T9l) and fl20l) and the one-sided 
Gaussian constraint f^^^^^ > B{T{5S) {bb)hh), to simultaneously extract fu^^^\ /J''^"^'' and 
y.r(55)^ Taking all known correlations into account, the best fit values are 

fiP = 0.759^°:°L^ (21) 
fr{5S) ^ 0.199 ±0.030, (22) 

f/'^ = 0.042^°;°^^, (23) 

where the strongly asymmetric uncertainty on f'^^^^^ is due to the one-sided constraint from 
the observed {bb)hh decays. These results, together with their correlation, imply 

fl'^'^/fir = 0.262;°:°!^ (24) 

in fair agreement with the results of a BABAR analysis [23j performed as a function of centre- 
of-mass energjifl. 

The production of 5° mesons at the T{5S) is observed to be dominated by the B^*Bg chan- 
nel, with a(e+e- ^ Bf'^*)/a{e+e' 5°^*^5°^*^) = (87.0 ± 1.7)% [21125]. The proportion of 
the various production channels for non-strange B mesons have also been measured |15j . 



3.1.3 b-hadron production fractions at high energy 

At high energy, all species of weakly-decaying b hadrons may be produced, either directly or in 
strong and electromagnetic decays of excited b hadrons. It is often assumed that the fractions 
of these different species are the same in unbiased samples of high-px ^ jets originating from 
decays, from pp collisions at the Tevatron, or from pp collisions at the LHC This hypothesis 
is plausible under the condition that the square of the momentum transfer to the produced b 
quarks, Q^, is large compared with the square of the hadronization energy scale, S> ^qcd- 
On the other hand, there is no strong argument to claim that the fractions at different machines 
should be strictly equal, so this assumption should be checked experimentally. Although the 
available data is not sufficient at this time to perform a definitive check, it is expected that 
more refined analyses of the Tevatron Run II data and new analyses from LHC experiments may 

^ This has not been included in the average, since no numerical value is given for fl'"^^^ / fi^^^^^^ in Ref. [531. 
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improve this situation and allow one to confirm or disprove this assumption with reasonable 
confidence. Meanwhile, the attitude adopted here is that these fractions are assumed to be 
equal at all high-energy colliders until demonstrated otherwise by experiment. However, both 
CDF and LHCb report a dependence for Af, production relative to and B^; the number 
of Af) baryons observed at low is enhanced with respect to that seen at LEP at higher 
Pt- Therefore we present three sets of complete averages: one set including only measurements 
performed at LEP, a second set including only measurements performed at the Tevatron, a third 
set including measurements performed at LEP, Tevatron and LHCb. The LHCb production 
fractions results, by themselves, are still incomplete, lacking measurements on the production 
of other weakly decaying heavy fiavour baryons, Sf, and and a measurement of x giving an 
extra constraint between fd and fs- 

Contrary to what happens in the charm sector where the fractions of and D° are 
different, the relative amount of and -B° is not affected by the electromagnetic decays of 
excited B~^* and B^* states and strong decays of excited 5+** and 5°** states. Decays of the 
type Bg** — !■ B^*^K also contribute to the B~^ and B^ rates, but with the same magnitude if 
mass effects can be neglected. We therefore assume equal production of B^ and B^. We also 
neglect the production of weakly-decaying states made of several heavy quarks (like B^ and 
other heavy baryons) which is known to be very small. Hence, for the purpose of determining 
the 6-hadron fractions, we use the constraints 

/„ = fd and fu + fd + fs + /baryon = 1 , (25) 

where /„, fd, fs and /baryon are the unbiased fractions of B^, 5°, i?° and b baryons, respectively. 

The LEP experiments have measured /, x i3(5° ^ D;i+ueX) [26], i3(6 ^ /l^) x B{A^^ 
A+i-VeX) [271IM] and B{b S^;) x B{S^ S-ruiX) [29l[3O0 from partially reconstructed 
final states including a lepton, /baryon from protons identified in b events [32], and the production 
rate of charged b hadrons |33j. Ratios of 6-hadron fractions have been measured at CDF using 
lepton-|-charm final states [MH36j^ and double semileptonic decays with K*jjLjjL and final 
states |37] . Measurements of the production of other heavy fiavour baryons at the Tevatron are 
included in the determination of /baryon [38-40j^ using the constraint 

/baryon = /yl^ + /h? + /sr + f ^7 

Oho 

= /..fl + 2^ + t^V (26) 

where isospin invariance is assumed in the production of S"^ and S"^. Other 6-baryons are 
expected to decay strongly or electromagnetically to those baryons hsted. For the production 
measurements, both CDF and DO reconstruct their 6-baryons exclusively to final states which 
include a J/ip and a hyperon {Ah J/ipA, — )• J/ipS~ and f2^ — )■ J/ipf2~). We assume that 
the partial decay width of a 6-baryon to a J/ip and the corresponding hyperon is equal to the 
partial width of any other 6-baryon to a J/ip and the corresponding hyperon. LHCb has also 



^The DELPHI result of Ref. [30] is considered to supersede an older one [31]. 

^CDF updated their measurement of fAb/fd [34] to account for a measured dependence between exclu- 
sively reconstructed Ab and [36] , 

^DO reports f^-lf^-- We use the CDF+DO average of /^-///ij to obtain J q- I Ja^ and then combine with 
the CDF result. 
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Table 4: Comparison of average production fraction ratios from CDF and LHCb. The kinematic 
regime of the lepton+charm system reconstructed in each experiment is also shown. 



Quantity 



CDF 



LHCb 




0.140 ±0.022 
0.290 ±0.109 

~ 13 GeV/c 
-1 <r] < 1 



0.132 ±0.010 
0.305 ±0.022 

~ 7 GeV/c 
2 <r] <5 



measured ratios of 6-hadron fractions, fs/{fu + fd) and fAt/ifu + fd), in lepton+charm final 
states [?T] and fs/fd in fully reconstructed hadronic final states using theoretical values for the 
branching fractions of two-body and decays [42j . 

Both CDF and LHCb observe a pt dependence in the relative fractions fAf,/fd [36iHT][^ . No 
Pt dependence is yet observed for fs/ {fu + fd)- CDF chose to correct an older result to account 
for the Pt dependence whereas LHCb chose to report a linear dependence of fAt/{fu + fd), which 
yields unphysical results for px > 32 GeV/c. In a second result, CDF binned their data in px of 
the electron±charm system. Figure H] shows the ratio Ra^ = fA^/ifu + fd) as a function of this 
Pt, as measured by both CDF and LHCb. Two fits are performed. The first fit using the LHCb 
parameterization yields Ra, = (0.386 ± 0.21) [1 - (0.0270 ± 0.0056) x pt]. A second fit using a 
simple exponential yields Ra^ = exp {(—0.928 ± 0.066) — (0.0344 ± 0.0086) x p^}. A common 
systematic uncertainty of 26% on the scale of both results arises from the yl^ — )■ pK~7i~^ 
branching fraction. The quality of the two fits are similar, but the second parameterization 
gives a physical result for all p^. A value of Ra^ is also calculated for LEP and placed at 
the approximate p^ for the lepton±charm system, but this value does not participate in any 
fit. Note that the p^ dependence of Ra^ combined with the constraint in Eq. fl2^ implies a 
compensating p^ dependence in one or more of the production fractions, /„, fd, or fg. 

In order to combine or compare LHCb results with other experiments, the px-dependent 
fAb/ifu + fd) is weighted by the p^ spectrun|§. Table H] compares the px-weighted LHCb 
data with comparable averages from the CDF. The average CDF and LHCb data are in good 
agreement despite the b hadrons being produced in different kinematic regimes. 

All these published results have been combined following the procedure and assumptions 
described in Ref. [3], to yield /„ = = 0.400 ± 0.008, /, = 0.103 ± 0.007 and /baryon = 
0.097 ± 0.016 under the constraints of Eq. fl25|l . Repeating the combinations, for LEP and the 
Tevatron, we obtain /„ = = 0.407±0.009, /, = 0.087±0.014 and /baryon = 0.099±0.016 when 
using the LEP data only, /„ = = 0.322 ± 0.032, /, = 0.094 ± 0.016 /baryon = 0.262 ± 0.073 
when using the Tevatron data only. As noted previously, the LHCb data are insufficient to 
determine a complete set of 6-hadron production fractions. The world averages (LEP, Tevatron 
and LHCb) for the various fractions are presented here for comparison with previous averages. 



^CDF compares the pt distribution of fully reconstructed At, A^tt with 2?+7r which compares 

fAb/fd up to a scale factor. LHCb compares the px in the lepton+charm system between Aj, and B'^ and B^ 
comparing Ra, = JaJUu + fd) = fAj^fd- 



^In practice the LHCb data are given in 14 bins in px and rj with a full covariance matrix [41]. The weighted 
average is calculated as D^C~^M/cr, where a = D^C~^D, M is a vector of measurements, is the inverse 
covariance matrix and is the transpose of the design matrix (vector of I's) 
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Figure 4: Ratio of production fractions fA^Kfu + fd) as a function of of the lepton+charm 
system for CDF [36] and LHCb [H] data. A scale uncertainty due to the common systematic 
uncertainty from the — )■ pK~7i^ branching fraction is omitted. The curves represent fits 
to the data: a linear fit using the LHCb parameterization (dashed), and an exponential fit 
described in the text (dotted). The computed LEP ratio is included at an approximate px in 
Z decays, but does not participate in any fit. 



Significant differences exist between the LEP and Tevatron fractions, therefore use of the world 
averages should be taken with some care. For these combinations other external inputs are 
used, e.g. the branching ratios of B mesons to final states with a D, D* or D** in semileptonic 
decays, which are needed to evaluate the fraction of semileptonic decays with a D~ in the 
final state. 

Time-integrated mixing analyses performed with lepton pairs from bb events produced at 
high-energy colliders measure the quantity 

X = fdXd + f'sXs, (27) 

where and are the fractions of B^ and B^ hadrons in a sample of semileptonic 6-hadron 
decays, and where Xd and Xs are the B^ and B^ time-integrated mixing probabilities. Assuming 
that all b hadrons have the same semileptonic decay width implies f- = fiRi, where Ri = Xj/rb 
is the ratio of the lifetime of species i to the average 6-hadron lifetime = J2i fi'^i- Hence 
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Table 5: Time-integrated mixing probability x (defined in Eq. ( 127|) ). and fractions of the 
different 6-hadron species in an unbiased sample of weakly-decaying b liadrons, obtained from 
both direct and mixing measurements. The correlation coefficients between the fractions are 
also given. The last column includes measurements performed at LEP, Tevatron and LHCb. 



Quantity 




Z decays 


Tevatron 


LHCb [H] 


all 


Mixing probability 


X 


0.1259 ±0.0042 


0.127 ±0.008 




0.1260 ±0.0037 


or fraction 


fu fd 


0.403 ± 0.009 


0.330 ±0.030 




0.401 ± 0.007 


5° fraction 


fs 


0.103 ±0.009 


0.103 ±0.012 




0.107 ±0.005 


6-baryon fraction 


/baryon 


0.090 ±0.015 


0.236 ±0.067 




0.091 ±0.015 


^0/5° ratio 


fs/ fd 


0.256 ±0.025 


0.311 ±0.037 


267+°-°2i 

U.ZU(_o 020 


0.266 ±0.015 


Pifsju) = p{fs,fd) 




-0.521 


+0.379 




-0.224 


P(/baryon) fu) p(/baryon) fd) 
P(/baryon) fs) 


-0.871 
±0.036 


-0.986 
-0.530 




-0.935 
-0.136 



measurements of the mixing probabilities x, Xd and Xs can be used to improve our knowledge 
of fu, fd, fs and /baryon- In practicc, the above relations yield another determination of fs 
obtained from /baryon and mixing information, 

r 1 (-^ ± ^)X (1 /baryon -^baryon ) /ooA 
Js - S 77—. ^ ) l^^J 

Rs (1 ± r)Xs - Xd 



where r = Ru/Rd = t{B+)/t{B°). 

The published measurements of x performed by the LEP experiments have been combined 
by the LEP Electroweak Working Group to yield x = 0.1259 ± 0.0042 [13]. This can be 
compared with the Tevatron average, x = 0.127 ± 0.008, obtained from DO [H] and CDF [45j 
measurements with Run II datao The two averages agree, showing no evidence that the 
production fractions of B^ and B^ mesons at the Z peak or at the Tevatron are different. We 
combine these two results in a simple weighted average, assuming no correlations, and obtain 
X = 0.1260 ±0.0037. 

Introducing the x average in Eq. ( l28l) . together with our world average Xd = 0.1862 ±0.0023 
(see Eq. ( 157|) of Sec. I3.3.ip . the assumption Xs = 1/2 (justified by Eq. (l66l) in Sec. I3.3.2p . the 
best knowledge of the lifetimes (see Sec. 13.21) and the estimate of /baryon given above, yields 
/, = 0.115 ±0.011 (or /, = 0.115 ±0.012 using only LEP data, or /, = 0.117 ±0.020 using only 
Tevatron data), an estimate dominated by the mixing information. Taking into account all 
known correlations (including the one introduced by /baryon), this result is then combined with 
the set of fractions obtained from direct measurements (given above), to yield the improved 
estimates of Table O still under the constraints of Eq. (J25l) . As can be seen, our knowledge on 
the mixing parameters substantially reduces the uncertainty on fg. It should be noted that the 
results are correlated, as indicated in Table [51 



^ As explained in Ref . , a previous CDF analysis fi^ performed with Run I data overlooked a background 
component, so the corresponding result is not included in the average. 
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3.2 6-hadron lifetimes 



In the spectator model the decay of 6-flavoured hadrons Hf, is governed entirely by the flavour 
changing b — )■ Wq transition (g = c,u). For this very reason, lifetimes of all 6- flavoured hadrons 
are the same in the spectator approximation regardless of the (spectator) quark content of the 
Hh. In the early 1990's experiments became sophisticated enough to start seeing the differences 
of the lifetimes among various Hf, species. The first theoretical calculations of the spectator 
quark effects on Hf, lifetime emerged only few years earlier. 

Currently, most of such calculations are performed in the framework of the Heavy Quark 
Expansion, HQE. In the HQE, under certain assumptions (most important of which is that of 
quark-hadron duality), the decay rate of an Hf, to an inclusive final state / is expressed as the 
sum of a series of expectation values of operators of increasing dimension, multiplied by the 
correspondingly higher powers of AqcB/fnb- 

Tn.^f = |OTMp5^c(/)(^)"(i7,|0„|i/,), (29) 

n 

where \CKM\'^ is the relevant combination of the CKM matrix elements. Coefficients ci'^ of 
this expansion, known as Operator Product Expansion [37], can be calculated perturbatively. 
Hence, the HQE predicts Tn^^f in the form of an expansion in both Aqq^/uii, and as(mfe). The 
precision of current experiments makes it mandatory to go to the next-to-leading order in QCD, 
i.e. to include correction of the order of as(mb) to the ci"^'*'s. All non-perturbative physics is 
shifted into the expectation values {Hi,\On\H}y) of operators On- These can be calculated using 
lattice QCD or QCD sum rules, or can be related to other observables via the HQE [IS]. One 
may reasonably expect that powers of /Iqcd / provide enough suppression that only the first 
few terms of the sum in Eq. (1291) matter. 

Theoretical predictions are usually made for the ratios of the lifetimes (with t{B^) chosen 
as the common denominator) rather than for the individual lifetimes, for this allows several 
uncertainties to cancel. The precision of the current HQE calculations (see Refs. [191 - I5T] for the 
latest updates) is in some instances already surpassed by the measurements, e.g. in the case 
of t{B^)/t{B^). Also, HQE calculations are not assumption-free. More accurate predictions 
are a matter of progress in the evaluation of the non-perturbative hadronic matrix elements 
and verifying the assumptions that the calculations are based upon. However, the HQE, even 
in its present shape, draws a number of important conclusions, which are in agreement with 
experimental observations: 

• The heavier the mass of the heavy quark the smaller is the variation in the lifetimes among 
different hadrons containing this quark, which is to say that as rrib — )■ oo we retrieve the 
spectator picture in which the lifetimes of all H^s are the same. This is well illustrated by 
the fact that lifetimes are rather similar in the b sector, while they differ by large factors 
in the c sector {rric < mb). 

• The non-perturbative corrections arise only at the order of /iQco/m^, which translates 
into differences among Hb lifetimes of only a few percent. 

• It is only the difference between meson and baryon lifetimes that appears at the ylqcu/m^ 
level. The splitting of the meson lifetimes occurs at the AQQ-^/ml level, yet it is enhanced 
by a phase space factor IQn"^ with respect to the leading free b decay. 
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To ensure that certain sources of systematic uncertainty cancel, lifetime analyses are some- 
times designed to measure a ratio of lifetimes. However, because of the differences in decay 
topologies, abundance (or lack thereof) of decays of a certain kind, etc., measurements of the in- 
dividual lifetimes are more common. In the following section we review the most common types 
of the lifetime measurements. This discussion is followed by the presentation of the averaging 
of the various lifetime measurements, each with a brief description of its particularities. 

3.2.1 Lifetime measurements, uncertainties and correlations 

In most cases lifetime of an Hb is estimated from a flight distance and a f3'y factor which is used 
to convert the geometrical distance into the proper decay time. Methods of accessing lifetime 
information can roughly be divided in the following five categories: 

1. Inclusive (flavour-blind) measurements. These measurements are aimed at extract- 
ing the lifetime from a mixture of 6-hadron decays, without distinguishing the decaying 
species. Often the knowledge of the mixture composition is limited, which makes these 
measurements experiment-specific. Also, these measurements have to rely on Monte Carlo 
for estimating the factor, because the decaying hadrons are not fully reconstructed. 
On the bright side, these usually are the largest statistics 6-hadron lifetime measurements 
that are accessible to a given experiment, and can, therefore, serve as an important per- 
formance benchmark. 

2. Measurements in semileptonic decays of a specific Hj,. W from b — > Wc pro- 
duces ii^i pair {i = e, fi) in about 21% of the cases. Electron or muon from such decays is 
usually a well-detected signature, which provides for clean and efficient trigger, c quark 
from b Wc transition and the other quark (s) making up the decaying Hi, combine into 
a charm hadron, which is reconstructed in one or more exclusive decay channels. Know- 
ing what this charmed hadron is allows one to separate, at least statistically, different Hb 
species. The advantage of these measurements is in statistics, which usually is superior 
to that of the exclusively reconstructed Hb decays. Some of the main disadvantages are 
related to the difficulty of estimating lepton-|-charm sample composition and Monte Carlo 
rehance for the jS-y factor estimate. 

3. Measurements in exclusively reconstructed hadronic decays. These have the ad- 
vantage of complete reconstruction of decaying Hb, which allows one to infer the decaying 
species as well as to perform precise measurement of the ^7 factor. Both lead to gener- 
ally smaller systematic uncertainties than in the above two categories. The downsides are 
smaller branching ratios, larger combinatoric backgrounds, especially in Hh — )■ Hci^ij^Ti) 
and multi-body H^. decays, or in a hadron collider environment with non-trivial underly- 
ing event. J/ipHs are relatively clean and easy to trigger on J/ip but their 
branching fraction is only about 1%. 

4. Measurements at asymmetric B factories. 

In the T{AS) BB decay, the B mesons (S+ or are essentially at rest in the T{AS) 
frame. This makes direct lifetime measurements impossible in experiments at symmetric 
colliders producing T{AS) at rest. At asymmetric B factories the T{AS) meson is boosted 
resulting in B and B moving nearly parallel to each other with the same boost. The 
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lifetime is inferred from the distance separating the B and B decay vertices along the 
beam axis and from the T(4S') boost known from the beam energies. This boost is equal 
to /37 ~ 0.55 (0.43) in the BABAR (Belle) experiment, resulting in an average B decay 
length of approximately 250 (190) /im. 

In order to determine the charge of the B mesons in each event, one of the them is fully 
reconstructed in a semileptonic or hadronic decay mode. The other B is typically not 
fully reconstructed, only the position of its decay vertex is determined from the remaining 
tracks in the event. These measurements benefit from large statistics, but suffer from poor 
proper time resolution, comparable to the B lifetime itself. This resolution is dominated 
by the uncertainty on the decay vertices, which is typically 50 (100) /xm for a fully 
(partially) reconstructed B meson. With very large future statistics, the resolution and 
purity could be improved (and hence the systematics reduced) by fully reconstructing 
both B mesons in the event. 

5. Direct measurement of lifetime ratios. This method has so far been only applied 
in the measurement of t{B^)/t{B^). The ratio of the lifetimes is extracted from the 
dependence of the observed relative number of B^ and B^ candidates (both reconstructed 
in semileptonic decays) on the proper decay time. 

In some of the latest analyses, measurements of two {e.g. t{B^) and t{B^) /t{B^)) or three 
{e.g. t{B^), t{B~^)/t{B^), and Arria) quantities are combined. This introduces correlations 
among measurements. Another source of correlations among the measurements are the sys- 
tematic effects, which could be common to an experiment or to an analysis technique across 
the experiments. When calculating the averages, such correlations are taken into account per 
general procedure, described in Ref. [52]. 

3.2.2 Inclusive b-hadron lifetimes 

The inclusive b hadron lifetime is defined as u = - fiTi where are the individual species 
lifetimes and fi are the fractions of the various species present in an unbiased sample of weakly- 
decaying b hadrons produced at a high-energy collider^ This quantity is certainly less fun- 
damental than the lifetimes of the individual species, the latter being much more useful in 
comparisons of the measurements with the theoretical predictions. Nonetheless, we perform 
the averaging of the inclusive lifetime measurements for completeness as well as for the reason 
that they might be of interest as "technical numbers." 

In practice, an unbiased measurement of the inclusive lifetime is difficult to achieve, because 
it would imply an efficiency which is guaranteed to be the same across species. So most of the 
measurements are biased. In an attempt to group analyses which are expected to select the 
same mixture of b hadrons, the available results (given in Table |6]) are divided into the following 
three sets: 

1. measurements at LEP and SLD that accept any 6-hadron decay, based on topological 
reconstruction (secondary vertex or track impact parameters); 

2. measurements at LEP based on the identification of a lepton from a b decay; and 

^°In principle such a quantity could be slightly different in Z decays and at the Tevatron, in case the fractions 
of 6-hadron species are not exactly the same; see the discussion in Sec. 13.1.31 
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Table 6: Measurements of average 6-hadron lifetimes. 



Experiment Method 


Data set 


U (ps) 


Ref. 


ALEPH Dipole 


91 


1.511 ±0.022 ±0.078 


[53] 


DELPHI All track i.p. (2D) 


91-92 


1.542 ±0.021 ±0.045 


[51]" 


DELPHI Sec. vtx 


91-93 


1.582 ±0.011 ±0.027 


[55]" 


DELPHI Sec. vtx 


94-95 


1.570 ±0.005 ±0.008 


[56] 


L3 Sec. vtx + i.p. 


91-94 


1.556 ±0.010 ±0.017 


m' 


OPAL Sec. vtx 


91-94 


1.611 ±0.010 ±0.027 


[58] 


SLD Sec. vtx 


93 


1.564 ±0.030 ±0.036 


[59] 


Average set 1 {b vertex) 




1.572 ± 0.009 




ALEPH Lepton i.p. (3D) 


91-93 


1.533 ±0.013 ±0.022 


m 


L3 Lepton i.p. (2D) 


91-94 


1.544 ±0.016 ±0.021 




OPAL Lepton i.p. (2D) 


90-91 


1.523 ± 0.034 ± 0.038 


mi 


Average set 2 {b ^ i) 




1.537 ±0.020 




CDFl J/ijj vtx 


92-95 


1.533 ±0.015+^:^^5 


[62] 


ATLAS J/ip vtx 


2010 


1.489 ± 0.016 ± 0.043 


[63] 


Average set 3 (6 — )■ J/ip ) 




1.516 ±0.028 




Average of all above 




1.566 ±0.009 





" The combined DELPHI result quoted in US] is 1.575 ± 0.010 ± 0.026 ps. 
The combined L3 resuh quoted in is 1.549 ± 0.009 ± 0.015 ps. 



3. measurements at the Tevatron based on inclusive Hb — )■ J/ipX reconstruction, where the 
J/ip is fully reconstructed. 

The measurements of the first set are generally considered as estimates of Tf,, although the 
efficiency to reconstruct a secondary vertex most probably depends, in an analysis-specific way, 
on the number of tracks coming from the vertex, thereby depending on the type of the Hh. 
Even though these efficiency variations can in principle be accounted for using Monte Carlo 
simulations (which inevitably contain assumptions on branching fractions), the Hh mixture in 
that case can remain somewhat ill-defined and could be slightly different among analyses in 
this set. 

On the contrary, the mixtures corresponding to the other two sets of measurements are 
better defined in the limit where the reconstruction and selection efficiency of a lepton or a J/ip 
from an Hf, does not depend on the decaying hadron type. These mixtures are given by the 
production fractions and the inclusive branching fractions for each Ht species to give a lepton 
or a J/ijj . In particular, under the assumption that all b hadrons have the same semileptonic 
decay width, the analyses of the second set should measure r(6 —)■£) = (^j /iTf)/(^j /iTj) 
which is necessarily larger than Tf, if lifetime differences exist. Given the present knowledge on 
Ti and fi, rib i) — Tf, is expected to be of the order of 0.01 ps. 

Measurements by SLC and LEP experiments are subject to a number of common systematic 
uncertainties, such as those due to (lack of knowledge of) b and c fragmentation, b and c decay 
models, B{B — )■ £), B{B — )■ c — )■ £), B{c — )■ £), Tc, and decay multiplicity. In the averaging, 
these systematic uncertainties are assumed to be 100% correlated. The averages for the sets 
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Table 7: Measurements of the lifetime. 



Experiment 


Method 


Data set 


r(50) (ps) 


Ref. 


ALEPH 




91-95 


1.518 ±0.053 ±0.034 


M 


ALEPH 


Exclusive 


91-94 


1.25^[! }^ ± 0.05 


[65] 


ALEPH 


Partial rec. tt^tt^ 


91-94 


1 /iQ+O.17+0.08 

— 1 ^1 — Ofi 

U.-LO U.UU 




DELPHI 




91-93 


i.6ij:[!:}^ ± 0.08 




DELPHI 


Charge sec. vtx 


91-93 


1.63 ±0.14 ±0.13 


157] 


DELPHI 


Inclusive D*£ 


91-93 


1.532 ± 0.041 ± 0.040 


W\ 


DELPHI 


Charge sec. vtx 


94-95 


1.531 ±0.021 ±0.031 


P] 


L3 


Charge sec. vtx 


94-95 


1.52 ±0.06 ±0.04 


[69] 


OPAL 




91-93 


1.53 ±0.12 ±0.08 


[70] 


OPAL 


Charge sec. vtx 


93-95 


1.523 ±0.057 ±0.053 


m] 


OPAL 


Inclusive D*i 


91-00 


1.541 ±0.028 ±0.023 




SLD 


Charge sec. vtx i 


93-95 


1.56l[!:}^±0.10 




SLD 


Charge sec. vtx 


93-95 


1.66 ±0.08 ±0.08 


[73]« 


CDFl 




92-95 


1.474 ± orndto^^oll 


M 


CDFl 


Excl. J/-^K*^ 


92-95 


1.497 ±0.073 ±0.032 


[75] 


CDF2 


Excl. J/^/jKs, J/^/jK*^ 


02-09 


1.507 ±0.010 ±0.008 


m 

i a 


DO 


Excl. J/^K*^ 


03-07 


1.414 ±0.018 ±0.034 




DO 


Excl. MKs 


02-11 


1.508 ±0.025 ±0.043 


M 


BABAR 


Exclusive 


99-00 


1.546 ±0.032 ±0.022 




BABAR 


Inclusive D*i 


99-01 


1.529 ±0.012 ±0.029 


m 

t a 


BABAR 


Exclusive D*i 


99-02 


1.523l[!:J]^^ ± 0.022 


m 


BABAR 


Inch D*Tr, D*p 


99-01 


1.533 ±0.034 ±0.038 




BABAR 


Inclusive D*i 


99-04 


1.504 ± 0.013l[!:J^}^ 


[83] 


Belle 


Exclusive 


00-03 


1.534 ±0.008 ±0.010 




ATLAS 


Excl. J/^K*° 


2010 


1.51 ±0.04 ±0.04 


I85]f 


LHCb 


Excl. J/iljK*° 


2010 


1.512 ±0.032 ±0.042 




LHCb 


Excl. J/^pKs 


2010 


1.558 ±0.056 ±0.022 




Average 






1.519 ±0.007 




" The combined SLD result quoted in [7? 


is 1.64 ± 0.08 ± 0.08 ps. 





Preliminary. 



defined above (also given in Table E]) are 

T{b vertex) = 1.572 ± 0.009 ps , 
T{b^i) = 1.537 ± 0.020 ps, 
r{h^J/i)) = 1.516 ± 0.028 ps, 

whereas an average of all measurements, ignoring mixture differences, yields 1.566 ± 0.009 
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Table 8: Measurements of the lifetime. 



Experiment 


Method 


Data set 


t{B+) (ps) 


Ref. 


ALEPH 




91- 


-95 


1.648 ± 0.049 ± 0.035 


[63] 


ALEPH 


Exclusive 


91- 


-94 


1 c;o+0.21+0.04 
n 1^^— n n*^ 

— U.-LO — U.UO 


[65J 


DELPHI 




91- 


-93 


1.61 ±0.16 ±0.12 


[66]'^ 


DELPHI 


Charge sec. vtx 


91- 


-93 


1.72 ±0.08 ±0.06 


[67J" 


DELPHI 


Charge sec. vtx 


94- 


-95 


1.624 ±0.014 ±0.018 


[56J 


L3 


Charge sec. vtx 


94- 


-95 


1.66 ±0.06 ±0.03 


[69J 


OPAL 




91- 


93 


1.52 ±0.14 ±0.09 


[70J 


OPAL 


Charge sec. vtx 


93- 


-95 


1.643 ±0.037 ±0.025 


[71J 


SLD 


Charge sec. vtx £ 


93- 


-95 


i.6il[!:}^ ± 0.07 


[73J^ 


SLD 


Charge sec. vtx 


93- 


-95 


1.67 ±0.07 ±0.06 


[73J^ 


CDFl 




92- 


-95 


1.637 ±0.058lJ]:[!^^ 


[74J 


CDFl 


Excl. J/i)K 


92- 


-95 


1.636 ± 0.058 ± 0.025 


1751 


CDF2 


Excl. J/ipK 


02- 


-09 


1.639 ±0.009 ±0.009 


[76J 


CDF2 


Excl. D^Ti 


02- 


-06 


1.663 ±0.023 ±0.015 


[87J 


BABAR 


Exclusive 


99- 


-00 


1.673 ±0.032 ±0.023 


[79J 


Belle 


Exclusive 


00- 


-03 


1.635 ±0.011 ±0.011 


[84J 


LHCb 


Excl. J/^K 


2010 


1.689 ±0.022 ±0.047 


[86JP 


Average 








1.642 ±0.008 





" The combined DELPHI result quoted in [57] is 1.70 ± 0.09 ps. 

The combined SLD resuh quoted in [73] is 1.66 ± 0.06 ± 0.05 ps. 
^ Prehminary. 



3.2.3 -B° and lifetimes and their ratio 

After a number of years of dominating these averages the LEP experiments yielded the scene 
to the asymmetric B factories and the Tevatron experiments. The B factories have been very 
successful in utilizing their potential - in only a few years of running, BABAR and, to a greater 
extent. Belle, have struck a balance between the statistical and the systematic uncertainties, 
with both being close to (or even better than) the impressive 1%. In the meanwhile, CDF and 
DO have emerged as significant contributors to the field as the Tevatron Run II data flowed in, 
with CDF eventually providing the most precise results. 

At present time we are in an interesting position of having three sets of measurements (from 
LEP/SLC, B factories and the Tevatron) that originate from different environments, obtained 
using substantially different techniques and are precise enough for incisive comparison. 

The averaging of t{B'^), t{B^) and t{B^) / t{B^) measurements is summarize dlllinTablesEl 
[HI and[9l For t{B~^)/t{B^) we averaged only the measurements of this quantity provided by 
experiments rather than using all available knowledge, which would have included, for example, 
t{B~^) and t{B^) measurements which did not contribute to any of the ratio measurements. 

The following sources of correlated (within experiment/machine) systematic uncertainties 
have been considered: 

We do not include the old unpublished measurements of Refs. |891l90j . 
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Table 9: Measurements of the ratio t{B^) /t{B^). 



Experiment 


Method 


Data set 


Ratio r(5+)/r(fiO) 


Ref. 


ALEPH 




91- 


-95 


1 


.085 ±0.059 ±0.018 


P] 


ALEPH 


Exclusive 


91- 


-94 




1 97+0.23+0.03 
A.. Zi i n 1 o n no 
— U. iy— U.Uz 


t65j 


DELPHI 




91- 


-93 






[66] 


DELPHI 


Charge sec. vtx 


91- 


-93 




i.o6t|]:J?±o.io 


inz] 


DELPHI 


Charge sec. vtx 


94- 


-95 


1, 


.060 ± 0.021 ± 0.024 




L3 


Charge sec. vtx 


94- 


-95 




1.09 ±0.07 ±0.03 


[69J 


OPAL 




91- 


93 




0.99 ±0.141°;°^ 


[70J 


OPAL 


Charge sec. vtx 


93- 


-95 


1 


.079 ±0.064 ±0.041 


[71] 


SLD 


Charge sec. vtx £ 


93- 


-95 




1.03+^-}^ ± 0.09 


[73]'^ 


SLD 


Charge sec. vtx 


93- 


-95 




1.01+°-°^ ±0.05 

^ — 0.08 vy.vytj 


[73]'^ 


CDFl 




92- 


-95 




1.110 ±o.o56l[!:[!| 


1741 

L J 


CDFl 


Excl. J/ipK 


92- 


-95 


1 


.093 ±0.066 ±0.028 


[75J 


CDF2 


Excl. J/tpK^*^ 


02- 


-09 


1 


.088 ±0.009 ±0.004 


[76J 


DO 


D*+i^ ratio 


02- 


-04 


1, 


.080 ±0.016 ±0.014 


[88] 


BABAR 


Exclusive 


99- 


-00 


1, 


.082 ±0.026 ±0.012 


[79] 


Belle 


Exclusive 


00- 


-03 


1 


.066 ±0.008 ±0.008 




Average 










1.079 ±0.007 





" The combined SLD result quoted in [73 is 1.01 ± 0.07 ± 0.06. 



• for SLC/LEP measurements - D** branching ratio uncertainties |3|, momentum esti- 
mation of b mesons from decays (6-quark fragmentation parameter (Xe) = 0.702 ± 
0.008 [3]), 5° and b baryon lifetimes (see Sees. I3.2.4l and l3.2.6p . and 6-hadron fractions at 
high energy (see Table |5]); 

• for BABAR measurements - alignment, z scale, PEP-II boost, sample composition (where 
applicable) ; 

• for DO and CDF Run II measurements - alignment (separately within each experiment). 
The resultant averages are: 

r(5°) = 1.519 ± 0.007 ps, (33) 
r(fi+) = 1.642 ± 0.008 ps, (34) 
r(5+)/r(5°) = 1.079 ±0.007. (35) 

3.2.4 B° lifetimes 

s 

Like neutral kaons, neutral B mesons contain short- and long-lived components, since the light 
(L) and heavy (H) eigenstates, i?L and B^, differ not only in their masses, but also in their 
total decay widths, with a decay width difference defined as AF = Fl — Fh. Neglecting CP 
violation in B — B mixing, which is expected to be very small [9T1[92], the mass eigenstates 
are also CP eigenstates, with the light Sl state being CP-even and the heavy B^ state being 
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CP-odd. While the decay width difference AF^ can be neglected in the system, the B'^ 
system exhibits a significant value of ATs'. the sign of AF^ is known to be positive [93], i.e. 
the heavy eigenstates lives longer than the light eigenstate. Specific measurements of AF^ and 
Fs = (Fl + Fh)/2 are explained and averaged in Sec. 13.3.21 but the results for 1/Fl, 1/Fh and 
the mean 5° lifetime, defined as t{B^) = l/Tg, are also quoted at the end of this section. 

Many B^ lifetime analyses, in particular the early ones performed before the non-zero value 
of ATs was firmly established, ignore AF^ and fit the proper time distribution of a sample of B^ 
candidates reconstructed in a certain final state / with a model assuming a single exponential 
function for the signal. We denote such effective lifetime measurements as rsingie(-Bs — ^ /); 
their true values may lie a priori anywhere between 1/Fl = l/(Fs + AFs/2) and 1/Fh = 
l/(Fs — AFs/2), depending on the proportion of i?L and B^ in the final state /. Table [TU] 
summarizes the effective lifetime measurements. 

Averaging measurements of Tsingie{Bg — )■ /) over several final states / will yield a result 
corresponding to an ill-defined observable when the proportions of -Bl and B^ differ. Therefore, 
the effective B^ lifetime measurements are broken down into several categories and averaged 
separately. 

• Flavour- specific decays, such as semileptonic B^ — t- Dji^u or B^ — t- D^ti^, have equal 
fractions of i?L and i?H at time zero. If the resulting superposition of two exponential 
distributions is fitted with a single exponential function, one obtains a measure of the 
so-called flavour- specific lifetime [108j : 

1 l+(i7y 

^singie(5° flavour specific) = ; (36) 

The average of all flavour-specific 5° lifetime measurement^! is 

rsingie(5° ^ flavour specific) = 1.463 ± 0.032 ps . (37) 

• — >■ D^X decays include flavour-specific decays but also decays with a less known 
mixture of light and heavy components. The corresponding effective lifetime average, 

rsmgie(5° ^ D'^X) = I.Am ± 0.031 ps , (38) 

can still be a useful input for analyses examining an inclusive Dg sample. The following 
correlated systematic errors were considered: average B lifetime used in backgrounds, 
-B° decay multiplicity, and branching ratios used to determine backgrounds {e.g. B{B — )• 
DgD)). A knowledge of the multiplicity of B^ decays is important for measurements 
that partially reconstruct the final state such as i? — )■ DgX (where X is not a lepton). 
The boost deduced from Monte Carlo simulation depends on the multiplicity used. Since 
this is not well known, the multiplicity in the simulation is varied and this range of 
values observed is taken to be a systematic. Similarly not all the branching ratios for 
the potential background processes are measured. Where they are available, the PDG 
values are used for the error estimate. Where no measurements are available estimates 
can usually be made by using measured branching ratios of related processes and using 
some reasonable extrapolation. 
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An old unpublished measurement ^1091 is not included. 
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Table 10: Measurements of the effective lifetimes obtained from single exponential fits, 
without attempting to separate the CP-even and CP-odd components. 



Experiment Final state / Data set 




T-singlc(50 ^ /) (ps) 


Ref. 


ALEPH DJ 91-95 




1.54+^:i| ± 0.04 


194] 


CDFl DJ 92-96 




1.36 ± 0.09t|];[j^ 




DELPHI Dsi 91-95 




1.42:^°-}^ ± 0.03 


m 


OPAL Dsi 90-95 




1.50^^}^ ± 0.04 


m 


DO Dsfi 02-04 




1.398 ± 0.044l°:°| 


[981 


CDF2 DsTt{X) 02-06 1.3 fb" 


-1 


1.518 ±0.041 ±0.027 


[99] 


Average of above 6 flavour-specific measurements 


1.463 ± 0.032 




ALEPH D,h 91-95 




1.47 ±0.14 ±0.08 


[lOOj 


DELPHI Dsh 91-95 




1.53l|]:J^ ± 0.07 


m 


OPAL Ds incl. 90-95 




'^-0.19-0.17 


m 


Average of above 9 Dg measurements 




1 ACiCi _i_ n no 1 
1.400 ± U.Uoi 




CDFl J/ip^ 92-95 




1.34+^:^^ ± 0.05 


[62] 


DO J/^(j) 02-04 




1.444+[];[]|;° ± 0.02 




ATLAS J/^(f) 2010 40 pb" 


-1 


1.41 ± 0.08 ± 0.05 


1 o r" 1 77 

[85]^^ 


LHCb J/ip(f) 2010 36 pb" 


-1 


It U.U04 It u.uoo 




Average of above 4 J/ip(f) measurements 




1.430 ± 0.050 




ALEPH Di*^^DP' 91-95 AM Z ^ qq 


1.27 ±0.33 ±0.08 


[104] 


LHCb K+K- 10 0.037 fb- 


-1 


1.440 ± 0.096 ± 0.009 


[105] 


LHCb K+K- 11 1.0 fb- 


-1 


1.468 ± 0.046 ± 0.006 


[1061^ 


Average of above 2 K+K^ measurements 




1.463 ±0.042 




CDF2 J/V'/o(980) 02-08 3.8 fb" 


-1 


i.7o;^:i^ ±0.03 


|107| 


Average of above 1 J/ip fo{980) measurement 




1.70 ±0.12 





Preliminary. 



• B'^ — )■ J/if) <p decays contain a well-defined mixture of CP-even and CP-odd states 
There are no known correlations between the existing — )■ J/ip(f) effective lifetime mea- 
surements; these are combined into the averagj^ 

T-smgic(5° ^ J/tp(l)) = 1.430 ± 0.050 ps . (39) 

A caveat is that different experimental acceptances may lead to different admixtures of 
the CP-even and CP-odd states, and simple fits to a single exponential may result in 
inherently different values of rsingie(-Bs ~^ J/4'4>)- Analyses that separate the CP-even 
and CP-odd components in this decay through a full angular study, outlined in Sec. 13.3.21 
provide directly measurements of l/Tg and AF^ (see Table [2T|) . 

• Decays to (almost) pure CP-even eigenstates have also been measured, in the 
modes 5° ^ Di*^^Di*^~ by ALEPH [TOl], 5° -> K+K- by LHCb [T05l[T06pl . and 

' An old unpublished measurement |110| is not included. 

An old unpublished measurement of the B'^ — >■ K~^K- effective lifetime by CDF 111, is no longer considered. 
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B° J/V'/o(980) by CDF [M]. The 5° ^ Dr^Dr^ decays are expected to be 
mostly CP-even, but a small CP-odd component is most probably present. The decays 
5° -)■ K^K~ and J/?/;/o(980) have CP-even and CP-odd final states, respectively; 

if these decays are dominated by a single weak phase and if CP violation can be neglected, 
then r,ingie(50 ^ K+K') ~ I/Fl and Tsmgiel^o ^ J/^/o(980)) ~ I/Fh (see Eqs. ([61]) 
and fl62l) for approximate relations in presence of CP violation in the mixing). The 
averages for these two effective lifetimes are 

rsingic(5° ^ K+K-) = 1.463 ± 0.042 ps , (40) 
rsingie(5° ^ J/V^/o(980)) = 1.70 ± 0.12 ps. (41) 

As described in Sec. I3.3.2[ the effective lietime averages of Eqs. (1H7|) . (HUi) . and (HTi) are used 
as ingredients to improve the determination of l/F^ and AF^ obtained from the full angular 
analyses of — > J/ip(f) decays. The resulting world averages for the B^ lifetimes are 

1.408 ± 0.017 ps, (42) 

1.626 ± 0.023 ps, (43) 

1.509 ± 0.012 ps. (44) 

3.2.5 B+ lifetime 

Early measurements of the B^ meson lifetime, from CDF 1112^1113] and DO |114j . use the 
semileptonic decay mode B^ — ?■ J/tpi and are based on a simultaneous fit to the mass and 
lifetime using the vertex formed with the leptons from the decay of the J/ip and the third 
lepton. Correction factors to estimate the boost due to the missing neutrino are used. In the 
analysis of the CDF Run I data [112] , a mass value of 6.40 ± 0.39 ± 0.13 GeV/c^ is found by 
fitting to the tri- lepton invariant mass spectrum. In the CDF and DO Run II results |113yil4j . 
the B^ mass is assumed to be 6285.7±5.3± 1.2 MeV/c^, taken from a CDF result [115] . These 
mass measurements are consistent within uncertainties, and also consistent with the most recent 
precision determination from CDF of 6275.6 ± 2.9 ± 2.5 MeV/c^ \116\ . Correlated systematic 
errors include the impact of the uncertainty of the B^ pt spectrum on the correction factors, 
the level of feed-down from ?/'(2S'), Monte-Carlo modeling of the decay model varying from 
phase space to the ISGW model, and mass variations. 

The most recent determination of the B^ lifetime, from CDF2 |117j . is based on fully recon- 
structed B'^ — )■ J/ipn decays and does not suffer from a missing neutrino. All the measurements 
are summarized in Table [11] and the world average is determined to be 

r(fi+) = 0.458 ± 0.030 ps . (45) 

3.2.6 and b-baryon lifetimes 

The first measurements of 6-baryon lifetimes originate from two classes of partially reconstructed 
decays. In the first class, decays with an exclusively reconstructed A'^ baryon and a lepton of 



1 

1 



r, + AF,/2 
1 

r. - AF,/2 
1 2 
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Table 11: Measurements of the B'^ lifetime. 



Experiment 


Method 




Data set 


r(5+) (ps) Ref. 


CDFl 
CDF2 
DO 

CDF2 


J/ipl 
J I'll) I 

J/tpTl 


92- 
02- 
02- 


-95 0.11 fb-i 
-06 1.0 fb"^ 
-06 1.3 fb-i 
6.7fb-i 


0.46+^-^^ ± 0.03 |112| 
0.475+|]-[it^ ± 0.018 |113|f 
0.448+|]-[{| ± 0.032 |114| 
0.452 ± 0.048 ± 0.027 |ll7p 


Average 








0.458 ± 0.030 



Preliminary. 



opposite charge are used. These products are more likely to occur in the decay of baryons. 
In the second class, more inclusive final states with a baryon (p, p, A, or A) and a lepton have 
been used, and these final states can generally arise from any h baryon. With the large 6-hadron 
samples available at the Tevatron, the most precise measurements of 6-baryons now come from 
fully reconstructed exclusive decays. 

The following sources of correlated systematic uncertainties have been considered: exper- 
imental time resolution within a given experiment, 6-quark fragmentation distribution into 
weakly decaying h baryons, A^ polarization, decay model, and evaluation of the 6-baryon purity 
in the selected event samples. In computing the averages the central values of the masses are 
scaled to M(yl°) = 5620 ± 2 MeV/c^ [118] and M(6-baryon) = 5670 ± 100 MeV/c^. 

For the semi-inclusive lifetime measurements, the meaning of decay model systematic un- 
certainties and the correlation of these uncertainties between measurements are not always 
clear. Uncertainties related to the decay model are dominated by assumptions on the fraction 
of n-body semileptonic decays. To be conservative it is assumed that these are 100% correlated 
whenever given as an error. DELPHI varies the fraction of 4-body decays from 0.0 to 0.3. In 
computing the average, the DELPHI result is corrected to a value of 0.2 ± 0.2 for this fraction. 

Furthermore, in computing the average, the semileptonic decay results from LEP are cor- 
rected for a polarization of — 0.45to;}7 [3J and a A^ fragmentation parameter {Xe) = 0.70 ± 
0.03 [TT9] . 

Inputs to the averages are given in Table [121 The CDF Ah — )■ J/ipA lifetime result [76] is 
3.4(7 larger than the world average computed excluding this result. It is nonetheless combined 
with the rest without adjustment of input errors. The world average lifetime of b baryons is 
then 

(r(6-baryon)) = 1.378 ± 0.027 ps . (46) 

Keeping only Afi^, Ai~i~^, and fully exclusive final states, as representative of the A^ baryon, 
the following lifetime is obtained: 

T(ylg) = 1.413 ± 0.030 ps . (47) 

Averaging the measurements based on the E^i"^ [29143T] and J/ipS^ [IQ] final states gives 
a lifetime value for a sample of events containing and baryons: 

(r(-,)) = 1.49t°:J^ps. (48) 
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Table 12: Measurements of the 6-baryon lifetimes. 



Experiment 


Method 


Data set 


Lifetime (ps) 


Ref. 


ALEPH 




91-95 


1.181^;}^ ±0.03 


|28]° 


ALEPH 




91-95 


1.30;[}J5 ±0.04 


[28]'' 


DELPHI 


Ate 


91-94 


i.ii;°:}^±o.o5 


|120p 


OPAL 


A+i, Ari+ 


90-95 


1.29l[{ ± 0.06 


m 


CDFl 


Ati 


91-95 


1.32 ±0.15 ±0.07 


|121 


CDF2 


yl+vr 


02-06 


1.401 ±0.046 ±0.035 


|122j 


CDF2 


J/i:A 


02-09 


1.537 ±0.045 ±0.014 


[76] 


DO 


A+fx 


02-06 


1 OQfi+O- 119+0-087 


m 


DO 


J/ipA 


02-11 


1.303 ±0.075 ±0.035 


HH] 


LHCb 


J/^A 


2010 


1.353 ±0.108 ±0.035 


[86]P 


Average of ab 


ove 10: 


A^^ lifetime = 


1.413 ±0.030 




ALEPH 


Ai 


91-95 


1.20 ±0.08 ±0.06 


[28] 


DELPHI 


Ain vtx 


91-94 


1.16 ±0.20 ±0.08 


|120p 
|124p 
|120p 


DELPHI 


Afj, i.p. 


91-94 


I.IO^JJ;}? ± 0.09 


DELPHI 


pi 


91-94 


1.19 ±0.14 ±0.07 


OPAL 


A£ i.p. 


90-94 


1.2lt°;}^±0.10 


|125|'= 


OPAL 


Ai vtx 


90-94 


1.15 ±0.12 ±0.06 


[125]'= 


Average of ab 


ove 16: mean 


6-baryon lifetime = 


1.378 ±0.027 




CDF2 




02-09 


1.56^1]:^^ ±0.02 


m 


Average of ab 


ove 1: 


lifetime = 


i.OO_Q 25 




ALEPH 


se 


90-95 


1 qp:+U.ci/+U.i5 
i.OO_g 28-0.17 


[29] 


DELPHI 


Si 


91-93 


1.5l°i ± 0.3 




DELPHI 


El 


92-95 


1.45+[|i^ ± 0.13 


[30]'^ 


Average of ab 


ove 4: 


mean Ey, lifetime = 


1 40+o.iy 




CDF2 




02-09 


1.13+^-^1] ±0.02 


m 


Average of ab 


ove 1: 


lifetime = 


1 10+0.53 
1.1<J_0.40 





The combined ALEPH result quoted in [33] is 1.21 ± 0.11 ps. 
^ The combined DELPHI resuh quoted in [HD] is 1.14 ± 0.08 ± 0.04 ps. 
" The combined OPAL resuh quoted in [HS] is 1.16 ± 0.11 ± 0.06 ps. 

The combined DELPHI resuh quoted in [30] is 1 ■481^-3? ± 0.12 ps. 



Prchminary. 



First measurements of fully reconstructed — )■ J/ip^ and — )■ J/ipQ baryons yield [lO] 

r(--) = 1.56l°:ips, (49) 
t{Q-) = 1.13+°i^ps. (50) 

3.2.7 Summary and comparison with theoretical predictions 

Averages of lifetimes of specific 6-hadron species are collected in Table [131 As described in 
Sec. 13.21 Heavy Quark Effective Theory can be employed to explain the hierarchy of t{B'^) <^ 
r(/l°) < t{B^) ^ t(-B°) < r{B~^), and used to predict the ratios between lifetimes. Typical 
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Table 13: Summary of lifetimes of different 6-hadron species. 



6-hadron species Measured lifetime 

"B+ 1.642 ± 0.008 ps 

5° 1.519 ± 0.007 ps 

(l/r.) 1.509 ± 0.012 ps 

B+ 0.458 ± 0.030 ps 

ylg 1.413 ± 0.030 ps 

Eh mixture 1.49lQ;}g ps 

5- baryon mixture 1.378 it 0.027 ps 

6- hadron mixture 1.566 ± 0.009 ps 



Table 14: Measured ratios of 6-hadron lifetimes relative to the lifetime and ranges predicted 
by theory [HJll^. 



Measured value Predicted range 



Lifetime ratio 
r(50)/r(50) 
r(6-baryon) /t{B^) 



1.079 ±0.007 
0.993 ±0.009 
0.930 ±0.020 
0.907 ±0.018 



1.04 - 1.08 
0.99 - 1.01 
0.86 - 0.95 
0.86 - 0.95 



predictions are compared to the measured lifetime ratios in Table [TH The prediction of the 
ratio between the S+ and 5° lifetimes, 1.06 ±0.02 [50], is in good agreement with experiment. 

The total widths of the 5^ and B^ mesons are expected to be very close and differ by at most 
1% [5Hll26j . This prediction is consistent with the experimental ratio t{B^)/t{B'^) = T^/Ts, 
which is smaller than 1 by (0.7 ± 0.9)%. 

The ratio T{Ah)/T{B^) has particularly been the source of theoretical scrutiny since earlier 
calculations [77 11127] predicted a value larger than 0.90, almost 2 a above the world average at 
the time. Many predictions cluster around a most likely central value of 0.94 [128]. More recent 
calculations of this ratio that include higher-order effects predict a lower ratio between the 
and B^ lifetimes [501I5T] and reduce this difference. References [50l|5T] present probability 
density functions of their predictions with variation of theoretical inputs, and the indicated 
ranges in Table [T3| are the RMS of the distributions from the most probable values. Note 
that in contrast to the B mesons, complete NLO QCD corrections and fully reliable lattice 
determinations of the matrix elements for are not yet available. As already mentioned, the 
CDF measurement of the Ah lifetime in the exclusive decay mode J/ipA [76] is significantly 
higher than the world average before inclusion, with a ratio to the t{B^) world average of 
r(yl°)/r(i?°) = 1.012 ± 0.031, resulting in continued interest in lifetimes of b baryons. 



3.3 Neutral S-meson mixing 

The B^ — B^ and B^ — 5° systems both exhibit the phenomenon of particle-antiparticle mixing. 
For each of them, there are two mass eigenstates which are linear combinations of the two flavour 
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states, B and B. The heaviest (hghtest) of the these mass states is denoted Bu (Bi^), with 
mass mn (^l) and total decay width Fh (Xl)- We define 

Am = mn — wiL , x = Am/T , (51) 

Ar=rL-rH, y = Ar/(2r), (52) 

where F = (rH + rL)/2 = 1/t{B) is the average decay width. Am is positive by definition, and 
Ar is expected to be positive within the Standard Model0 

There are four different time-dependent probabihties describing the case of a neutral B 
meson produced as a fiavour state and decaying to a fiavour-specific final state. If CPT is 
conserved (which will be assumed throughout), they can be written as 

' V{B B) 

V{B B) 
< _ 

V{B B) 

. V(B^B) 

where t is the proper time of the system {i.e. the time interval between the production and the 
decay in the rest frame of the B meson). At the B factories, only the proper-time difference 
At between the decays of the two neutral B mesons from the T{4S) can be determined, but, 
because the two B mesons evolve coherently (keeping opposite flavours as long as none of them 
has decayed), the above formulae remain valid if t is replaced with At and the production 
flavour is replaced by the flavour at the time of the decay of the accompanying B meson in a 
flavour-speciflc state. As can be seen in the above expressions, the mixing probabilities depend 
on three mixing observables: Am, AF, and {q/pl"^ which signals CP violation in the mixing if 
\q/p\' ^ 1. 

In the next sections we review in turn the experimental knowledge on the B^ decay-width 
and mass differences, the B^ decay-width and mass differences, CP violation in 5° and B^ 
mixing, and mixing-induced CP violation in B^ decays. 

3.3.1 mixing parameters AFd and Am^ 

Many time-dependent B^-B^ oscillation analyses have been performed by the ALEPH, BABAR, 
Belle, CDF, DO, DELPHI, L3 and OPAL collaborations. The corresponding measurements of 
Am^ are summarized in Table [131 where only the most recent results are listed {i.e. measure- 
ments superseded by more recent ones are omitted)0. Although a variety of different techniques 
have been used, the individual Am^ results obtained at high-energy colliders have remarkably 
similar precision. Their average is compatible with the recent and more precise measurements 
from the asymmetric B factories. The systematic uncertainties are not negligible; they are 
often dominated by sample composition, mistag probability, or 6-hadron lifetime contributions. 
Before being combined, the measurements are adjusted on the basis of a common set of input 

iSpQj. reason of symmetry in Eqs. ([FT]) and ([5^ . AF is sometimes defined with the opposite sign. The 
definition adopted here, i.e. Eq. (I52p . is the one used by most experimentalists and many phenomenologists in 
B physics. 

Two old unpublished CDF2 measurements |f 45[ll46j are also omitted from our averages, Table [15] and 
Fig. [3 



^ [cosh(^t) + cos(Amt)] 
^ [cosh(^t) - cos(Amt)] 

^ [cosh(^t) - cos(Amt)] 
^ [cosh(^t) + cos(Amt)] 



(53) 



37 



Table 15: Time- dependent measurements included in the Am^ average. The results obtained 
from multi-dimensional fits involving also the (and B~^) lifetimes as free parameter(s) [SH 
[H21IH1] have been converted into one- dimensional measurements of Am^. All the measurements 
have then been adjusted to a common set of physics parameters before being combined. 



Experiment Method ^frid in ps ^ Am^ in ps 



and Ref. rec. tag before adjustment after adjustment 



ALEPH 


[129] 


i 


Qjet 
i 





404±0 


045±0 


027 










ALEPH 




i 





452±0 


039±0 


044 










ALEPH 




above two combined 





422±0 


032±0 


026 





442±0 


032 +° 


020 
019 


ALEPH 


129| 


D* 


^1 Q]et 





482±0 


044±0 


024 





482±0 


044±0 


024 


DELPHI 


'130j 


i 


Qjet 





493±0 


042±0 


027 





503±0 


042±0 


024 


DELPHI 


m 




Qjet 





499±0 


053±0 


015 





501±0 


053±0 


015 


DELPHI 


m\ 


i 







480±0 


040±0 


051 





497±0 


040 


042 
041 


DELPHI 


13U| 


D* 


QjcX. 





523±0 


072±0 


043 





518±0 


072±0 


043 


DELPHI 


1311 


vtx 


comb 





531±0 


025±0 


007 





527±0 


025±0 


006 


L3 


132| 


i 







458±0 


046±0 


032 





467±0 


046±0 


028 


L3 


132J 


i 


Qjet 





427±0 


044±0 


044 





439±0 


044±0 


042 


L3 


m 


i 


£(IP) 





462±0 


063±0 


053 





473±0 


063 +° 


045 
044 


OPAL 




i 


^ 





430±0 


043 +° 


028 
uou 





466±0 


043 tl 


017 


OPAL 


1341 


i 


Qjet 





444±0 


029 tl 


020 
017 





475±0 


029 tl 


014 
013 


OPAL 


135| 


D*i 


Qjet 





539±0 


060±0 


024 





544±0 


060±0 


023 


OPAL 


135J 


D* 





567±0 


089 tl 


029 





572±0 


089 tl 


028 
022 


OPAL 


m 


n*i 







497±0 


024±0 


025 





496±0 


024±0 


025 


CDFl jl36j 


Di 


SST 





471 t° 


078 +0 
068 -0 


033 
034 





470 t[j 


078 +0 
068 -0 


033 
034 


CDFl fm\ 




^^ 





503±0 


064±0 


071 





515±0 


064±0 


070 


CDFl |138| 


i 


i 





500±0 


052±0 


043 





545±0 


052±0 


036 


CDFl |139| 


D*£ 





516±0 


099 tl 


029 
035 





523±0 


099 tl 


028 
035 


DO |140| 




OST 





506±0 


020±0 


016 





506±0 


020±0 


016 


BABAR |141| 


BO i 


?, K, NN 





516±0 


016±0 


010 





521±0 


016±0 


008 


BABAR |142j 









493±0 


012±0 


009 





487±0 


012±0 


006 


BABAR P] 


D*£z/(part) 







511±0 


007±0 


007 





512±0 


007±0 


007 


BABAR 


m 




K, NN 





492±0 


018±0 


014 





493±0 


018±0 


013 


Belle |l43j 


D*7r(part) 







509±0 


017±0 


020 





513±0 


017±0 


019 


Belle 


m 


i 







503±0 


008±0 


010 





506±0 


008±0 


008 


Belle 


m 


B^,D*iu 


comb 





511±0 


005±0 


006 





513±0 


005±0 


006 


LHCb 11441 


B' 


OST 





499±0 


032±0 


003 





499±0 


032±0 


003 



World average (all above measurements included): 0.507±0.003±0.003 

- ALEPH, DELPHI, L3, OPAL and CDFl only: 0.496±0.010±0.009 

- Above measurements of BABM and Belle only: 0.508±0.003±0.003 
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values, including the averages of the 6-hadron fractions and lifetimes given in this report (see 
Sees. 13.11 and I3.2p . Some measurements are statistically correlated. Systematic correlations 
arise both from common physics sources (fractions, lifetimes, branching ratios of b hadrons), 
and from purely experimental or algorithmic effects (efficiency, resolution, flavour tagging, back- 
ground description). Combining all published measurements listed in Table [TBI and accounting 
for all identified correlations as described in Ref. [2] yields Arrid = 0.507 ± 0.003 ± 0.003 ps~^. 

On the other hand, ARGUS and CLEO have published measurements of the time-integrated 
mixing probability Xd |147H149] . which average to Xd = 0.182 ±0.015. Following Ref. jl49] . the 
width difference AF^ could in principle be extracted from the measured value of F^ = 1/t{B^) 
and the above averages for Am^ and Xd (provided that AF^ has a negligible impact on the 
Am^ t{B^) analyses that have assumed AF^ = 0), using the relation 

^d + Vd ^^d . AFrf 

2{xj + 1) Yd 2Td 

However, direct time-dependent studies provide much stronger constraints: lAF^I/F^ < 18% 
at 95% CL from DELPHI [HI], and -6.8% < sign(ReAcp)AFrf/Frf < 8.4% at 90% CL from 
BABAR |150j . where Xcp = {<l/p)d{Acp/Acp) is defined for a CP-even final state (the sensitivity 
to the overall sign of sign(ReAcp)AFd/Fd comes from the use of B^ decays to CP final states). 
Recently Belle has measured sign(ReAcp) = 0.017±0.018±0.011 |151j . A combination of these 
three results (after adjusting the DELPHI and BABAR ones to l/F^ = r(5°) = 1.519 ±0.007 ps) 
yields 

sign(ReAcp) AFd/Fd = 0.015 ± 0.018 . (55) 

The sign of ReAcp is not measured, but expected to be positive from the global fits of the 
Unitarity Triangle within the Standard Model |152j . 

Assuming AF^^ = and using l/F^ = t{B^) = 1.519 ±0.007 ps, the Am^ and Xd results are 
combined through Eq. to yield the world average 

Amrf = 0.507 ±0.004 ps~^ (56) 

or, equivalently, 

Xrf = 0.770 ± 0.008 and = 0.1862 ± 0.0023 . (57) 

Figure compares the Am^ values obtained by the different experiments. 

The B^ mixing averages given in Eqs. fl56l) and fl571) and the 6-hadron fractions of Table [5] 
have been obtained in a fully consistent way, taking into account the fact that the fractions are 
computed using the Xd value of Eq. flFTI) and that many individual measurements of Am^ at 
high energy depend on the assumed values for the 6-hadron fractions. Furthermore, this set of 
averages is consistent with the lifetime averages of Sec. 13.21 

It should be noted that the most recent (and precise) analyses at the asymmetric B factories 
measure Arrid as a result of a mult i- dimensional fit. Two BABAR analyses [8X1183] . based on fully 
and partially reconstructed B^ — > D*ii' decays respectively, extract simultaneously Arrid and 
t{B^) while the latest Belle analysis [H], based on fully reconstructed hadronic B^ decays 
and B^ — > D*lv decays, extracts simultaneously Am^, t{B^) and t{B^). The measurements 
of Anid and t[B^) of these three analyses are displayed in Table [16] and in Fig. [61 Their 
two-dimensional average, taking into account all statistical and systematic correlations, and 
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AT.FPH 




446 + 026 + 0019 ns'^ 


(3 analyses) 




« 


1 , 


DFT.PHT * 
(5 analyses) 








SI 9 + 01 8 + 01 1 n«{"^ 


L3 








0.444 ± 0.028 ± 0.028 ps'^ 


(3 analyses) 


\-\— 


• 


^ 1 


OPAT. 




1 


. 1 


479 + 018 + 015 ns"^ 






|-t- 


'i 


CDFl * 








0.495 ± 0.033 ± 0.027 ps'^ 


(4 analyses) 




\-\ 




DO 

(1 analysis) 








0.506 ± 0.020 ± 0.016 ps"^ 


rJAKAK 

(4 analyses) 

BELLE * 
(3 analyses) 






f 

1 l| 


0.506 ± 0.006 ± 0.004 ps"^ 
0.509 ± 0.004 ± 0.005 ps"^ 


LHCb 








0.499 ± 0.032 ± 0.003 ps'^ 


(1 analysis) 






1 1 


Average of above 
after adjustments 






1 


0.507 ± 0.004 ps"^ 


CLEO+ARGUS 








0.498 ± 0.032 ps"^ 


(Xj measurements) 






1 * 


World average 
April 2012 


H 

1,1,1,1, 


0.507 ± 0.004 ps"^ 



_J I I I I I I 

0.4 0.45 0.5 0.55 



HFAG average .j 
without adjustments ^'^d ^P'^ 

Figure 5: The B'^-B^ oscillation frequency Am^ as measured by the different experiments. The 
averages quoted for ALEPH, L3 and OPAL are taken from the original publications, while the 
ones for DELPHI, CDF, BABAR, and Belle have been computed from the individual results 
listed in Table [T^ without performing any adjustments. The time-integrated measurements of 
Xd from the symmetric B factory experiments ARGUS and CLEO have been converted to a 
Arrid value using t{B^) = 1.519 ± 0.007 ps. The two global averages have been obtained after 
adjustments of all the individual Am^ results of Table [15] (see text). 
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Table 16: Simultaneous measurements of Am^ and r(i?°), and their average. The Belle anal- 
ysis also measures t{B~^) at the same time, but it is converted here into a two-dimensional 
measurement of Am^ and t{B^), for an assumed value of r(i?"'"). The first quoted error on the 
measurements is statistical and the second one systematic; in the case of adjusted measure- 
ments, the latter includes a contribution obtained from the variation of t{B^) or t{B^)/t{B^) 
in the indicated range. Units are ps~^ for Am^ and ps for lifetimes. The three different val- 
ues of p(Amrf, t{B^)) correspond to the statistical, systematic and total correlation coefficients 
between the adjusted measurements of Arrid and t{B^). 



Exp. & Ref. Measured Am^ Measured t{B^) Measured t{B^) Assumed t{B^) 

BABAR [S] 0.492±0.018±0.013 1.523±0.024±0.022 ~ (1.083 ± 0.017)r(5") 

BABAR [S3] 0.511±0.007 toml 1-504±0.013 tofil — 1-671 ± 0.018 

Belle [M] 0.511±0.005±0^006 1.534±0.008±0;010 1.635 ±0.011±0.011 — 

Adjusted Am^ Adjusted t{B^) p{Amd, B^) Assumed t{B+) 

BABAR [S] 0.492±0.018±0.013 1.523±0.024±0.022 -0.22 +0.71 +0.16 (1.079±0.007)r(B0) 

BABAR [83] 0.512+0.007+0.007 1.506+0.013+0.018 +0.01 -0.85 -0.48 1.642+0.008 

Belle [Si] 0.511+0.005+0.006 1.535+0.008+0.011 -0.27 -0.14 -0.19 1.642+0.008 

Average 0.509+0.004+0.004 1.527+0.006+0.008 -0.19 -0.26 -0.23 1.642+0.008 
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Figure 6: Simultaneous measurements of Am^ and t{B^) [8Tl[83l[8l], after adjustment to a 
common set of parameters (see text). Statistical and total uncertainties are represented as 
dashed and solid contours respectively. The average of the three measurements is indicated by 
a hatched ellipse. 
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Table 17: Averages of AF^, l/F^ and related quantities, obtained from J/'^4' alone (first 

column), adding the constraints from the effective lifetime measured in — )• K^K~ and 
— >■ J/ip fo{Q80) (second column), and adding the constraint from the average flavour-specific 
lifetime (third column, recommended world averages). 







J/i^ct>,K+K-,J/,l;fo 


K+K-, J/^fo, D-i+, Djn+ 




+0.105 ±0.015 ps-^ 


±0.100 ±0.014 ps"^ 


±0.095 ±0.014 ps"^ 


l/Ts 


1.514 ±0.013 ps 


1.520 ±0.013 ps 


1.509 ±0.012 ps 




1.403 ±0.019 ps 


1.412 ±0.017 ps 


1.408 ± 0.017 ps 


i/rn 


1.645 ±0.027 ps 


1.644 ± 0.025 ps 


1.626 ± 0.023 ps 


Ar,/r, 


±0.159 ±0.023 


±0.152 ±0.021 


±0.144 ±0.021 



expressed at r(5+) = 1.642 ± 0.008 ps, is 

tSt ^ t \ a »"eWio° of -0-23. (5f 

r(_»^) = 1.527 ± 0.010 ps J 



3.3.2 mixing parameters AFg and Amg 

Definitions and an introduction to AF^ have been given in Sec. 13.2.41 Neglecting CP violation, 
the mass eigenstates are also CP eigenstates, with the short-lived state being CP-even and the 
long-lived state being CP-odd. 

The best sensitivity to AF^ is currently achieved by the recent time-dependent measure- 
ments of the 5° -> J/^jjcf) decay rates performed at CDF [T53l[T5i] . DO [I55] and LHCb [T561IT57] . 
where the CP-even and CP-odd amplitudes are statistically separated through a full angular 
analysis (see last two columns of Table |2T|) . In particular LHCb obtained the first observation of 
a non-zero value of AF^ |156j . These studies use both untagged and tagged 5° candidates and 
are optimized for the measurement of the CP- violating phase (pf^, defined later in Sec. 13.3.41 
Recently the LHCb collaboration analyzed the B^ — )■ J/ipK^K~ decay, considering that the 
K^K~ system can be in a P-wave or S-wave state, and measured the dependence of the strong 
phase difference between the P-wave and S'-wave amplitudes as a function of the K^K~ in- 
variant mass [93]. This allowed, for the first time, the unambiguous determination of the sign 
of AFs, which was found to be positive at the 4.7 cr level and the following averages present 
only the AF^ > solutions. 

The combined fit procedure used to extract simultaneously AF^ and (pf-^ is described in 
Sec. 13.3.41 The results, displayed as the red contours labelled "5° — )■ J/ip measurements" in 
the plots of Fig. [TJ are given in the first column of numbers of Table [T71 In those averages, the 
correlation between AF^ and Fg has been neglected. 

An alternative approach, which is directly sensitive to first order in AF^/F^, is to determine 
the effective hfetime of untagged 1?° candidates decaying to CP eigenstates; measurements 
exist for E° K+R- tl05lll06pl . and 5° ^ J/^/o(980) [M]. The precise extraction of 
1/Ts and AF^ from such measurements, discussed in detail in Ref. |158j . requires additional 
information in the form of theoretical assumptions or external inputs on weak phases and 

^^An old unpublished measurement of the — > K^K^ effective lifetime by CDF 111, is no longer considered. 
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Figure 7: Contours of A In L = 0.5 (39% CL for the enclosed 2D regions, 68% CL for the bands) 
shown in the (l/r^, ATg) plane on the left and in the (I/Fl, I/Fh) plane on the right. The 
average of all the — )■ J/ipcp results is shown as the red contour, and the constraints given by 
the effective lifetime measurements of to flavour-specific final states, S° — )■ J/ip fo{980) and 
Bg —7- K^K^ are shown as the blue, green and purple bands, respectively. The average taking 
all constraints into account is shown as the gray-filled contour. The yellow band is a theory 
prediction AF^ = 0.087 ± 0.021 ps~^ [91] that assumes no new physics in B^ mixing. 



hadronic parameters. If / designates a final state in which both B^ and 5^ can decay, the ratio 
of the effective B^ lifetime decaying to / relative to the mean 5° lifetime is |158] 



Tangle (5° ^ /) 



1 + 2Ai^y, + yl 



where 



2Re(Aj 



Ar 



(59) 



(60) 



1 + 

To include the measurements of the effective B^ — > K^K~ and B^ — )■ J/'?/^/o(980) lifetimes as 
constraints in the AF^ fit, we neglect sub-leading penguin contributions and possible direct CP 



violation. Explicitly, in Eq. (!60|) . we set A^^S -- 
small value of 0^'^'', we have, to first order in ys'. 



cos and A 



■Wfo 

Ar 



cos 



f^CCS 



rsingle(5° ^ K+A-) 



single l^-Dg 



(5,^^ J/^/o(980)) 



1 
1 



l.ccs\2 



1 + 



1 - 



2 

LC'CS\2„ 



Given the 

(61) 
(62) 



The numerical inputs are taken from Eqs. ( I40l) and ( |4T|) and the resulting averages, combined 
with the 5° — >■ J/ip (j) information, are indicated in the second column of numbers of Table [171 
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Information on AF^ can also be obtained from the study of the proper time distribution of 
untagged samples of flavour-specific 5° decays |108j . In the case of flavour-specific 5° decays 
where the flavour, i.e. or B^, at the time of decay can be determined by the decay products. 
In such decays, e.g. semileptonic B^ decays, there is an equal mix of the heavy and light mass 
eigenstates at time zero. The proper time distribution is then a superposition of two exponential 
functions with decay constants rL,H = Ts ± Ars/2. This provides sensitivity to both l/Tg and 
(AFs/Fs)^. Ignoring AF^ and fitting for a single exponential leads to an estimate of F^ with 
a relative bias proportional to (AF^/Fs)^, as shown in Eq. ( I36l) . Including the constraint from 
the world-average flavour- specific B^ lifetime, given in Eq. (!37|l . leads to the results shown in 
the last column of Table [T71 These world averages are displayed as the gray contours labelled 
"Combined" in the plots of Fig. [71 The average for the decay-width difference, 

AF, = +0.095 ±0.014 ps"^ and AF,/Fs = +0.144 ± 0.021 , (63) 

is in good agreement with the Standard Model prediction AF^ = 0.087 ± 0.021 ps~^ [91] . 

Independent estimates of AFs/F^ obtained from measurements of the B^ — > vi*^^ D^*^ 
branching fraction |104[I159H161] have not been used^. since they are based on the question- 
able [91] assumption that these decays account for all CP-even final states. The results of early 
lifetime analyses attempting to measure AF^/Fs [62 | l69 | [96 |ll01j have not been used either. 

The strength of B^ mixing is known to be large since more than 20 years. Indeed the 
time-integrated measurements of x (see Sec. I3.1.3p . when compared to our knowledge of Xd 
and the 6-hadron fractions, indicated that Xs should be close to its maximal possible value of 
1/2. Many searches of the time dependence of this mixing were performed by ALEPH [162] . 
CDF (Run I) [163], DELPHI [961 [Ml [ml [161], OPAL [T65l|166] and SLD [T67HT69] . but did 
not have enough statistical power and proper time resolution to resolve the small period of the 
B^ oscillations. 

-Bg oscillations have been observed for the first time in 2006 by the CDF collaboration [170] . 
based on samples of flavour-tagged hadronic and semileptonic B^ decays (in flavour-specific 
final states), partially or fully reconstructed in 1 fb~^ of data collected during Tevatron's Run II. 
This was shortly followed by an independent evidence obtained by the DO collaboration with 
2.4 fb~ of data [171] . Recently the LHCb collaboration obtained the most precise results using 
fully reconstructed 5° ^ D;n+ and 5° ^ D;TT+n-n+ decays at the LHC [n2l[T73|. The 
measurements of Arris are summarized in Table [181 

A simple average of the CDF and LHCb result^, taking into account the correlated sys- 
tematic uncertainties between the two LHCb measurements, yields 

Am, = 17.719 ± 0.036 ± 0.023 ps"^ = 17.719 ± 0.043 ps"^ (64) 

and is illustrated in Figure [HI Multiplying this result with the mean B^ lifetime of Eq. (jH]) , 
1/F, = 1.509 ± 0.012 ps, yields 

= = 26.74 + 0.22. (65) 



• Our average is i5 = 0.044 ± 0.014, from which one would get Ar,./r^ - 26/(1 - B) = +0.093 ± 0.031. 
'We do not include the old unpublished DO [171] result in the average. 
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Table 18: Measurements of Am^. 



Experiment 


Method 






Data set 


AttIs (ps ^) 


Ref. 


CDF2 








1 fb"^ 


17.77 ±0.10 ±0.07 


[170] 


DO 




X 




2.4 fb"^ 


18.53 ±0.93 ±0.30 


)171|" 


LHCb 




7r+ 


2010 


0.034 fb"^ 


17.63 ±0.11 ±0.02 


m\ 


LHCb 


D-7:+ 




2011 


0.34 fb"^ 


17.725 ±0.041 ±0.026 


[173JP 



Average of CDF and LHCb measurements 17.719 ±0.036 ±0.023 



Unpublished. ^ Preliminary. 



CDF2 hadr+semilept 
(1 fb"') 

LHCb \i^-{2)TZ* 
(0.034 fb"*) 

LHCb Ti"^ 
(0.34 fb"*) prel 



Average 




17.77 + 0.10 + 0.07 ps"* 



17.63 + 0.11 + 0.02 ps" 



17.725 ± 0.041 ± 0.026 ps 



17.719 + 0.043 ps"* 



Heavy Flavour 
Averaging Group 



17.4 17.6 17.8 18 18.2 
Am„ (ps"^) 



Figure 8: Published and recent preliminary measurements of Am^, together with their average. 



With 2y, = ATjTs = ±0.144 ± 0.021 (see Eq. ([63])) and under the assumption of no CP 
violation in mixing, this corresponds to 

2 2 

Xs = ^\ = 0.499305 ± 0.000011 . (66) 

2{xi + 1) 

The ratio of the and B^ oscillation frequencies, obtained from Eqs. (l56ll and (Elj), 

= 0.02861 ± 0.00026 , (67) 

ArUs 
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can be used to extract the following ratio of CKM matrix elements, 



Vts 



0.2110 ±0.0009 ±0.0055, 



(68) 



where the first quoted error is from experimental uncertainties (with the masses m{B'^) and 
m{B^) taken from Ref. [18]), and where the second quoted error is from theoretical uncertainties 
in the estimation of the SU(3) flavour-symmetry breaking factor ^ = 1.237 ± 0.032 obtained 
from lattice QCD calculations [174j . 

3.3.3 CP violation in and mixing 

Evidence for CP violation in B^ mixing has been searched for, both with flavour-specific and 
inclusive B^ decays, in samples where the initial flavour state is tagged. In the case of semilep- 
tonic (or other flavour-specific) decays, where the final state tag is also available, the following 
asymmetry 



SL 



N(W{t) ^ e+UiX) - N{B^{t) -> e-UiX) 

N(B\t) i+ueX) + N{B^{t) £-VeX) 



\p/q\l+\q/p\l 



(69) 



has been measured, either in time-integrated analyses at CLEO |1481I1491I175] . CDF |1761I177] 
and DO [178], or in time-dependent analyses at OPAL [134J, ALEPH [T79], BABAR [TSOlfTSOllTST] 
and Belle [182] . In the inclusive case, also investigated and published at ALEPH [179] and 
OPAL [7T], no final state tag is used, and the asymmetry [183] 



N{B^{t) all) - N(W{t) all) 



N{B°{t) all) ± N{B\t) all) 



Ad 



SL 



Arria 



sin(A?Tid t) — sin^ 



Anidt 



(70) 



must be measured as a function of the proper time to extract information on CP violation. 
Table [19] summarized the different measurements: in all cases asymmetries compatible with 
zero have been found, with a precision limited by the available statistics. 

A simple average of all measurements performed at B factories [Tigi[THJl[T75iri80[ll82pl 
yields 

= -0.0005 ± 0.0056 = 1.0002 ±0.0028, (71) 

where the relation between A^^^ and \q/p\d is given in Eq. (1^5]) . The latest dimuon DO anal- 
ysis [178] separates the -B° and 5° contributions by exploiting the dependence on the muon 
impact parameter cut; combining the A^j^ result quoted by DO with the above B factory average 
yields = -0.0009 ± 0.0038. 

All the other analyses performed at high energy, either at LEP or at the Tevatron, did 
not separate the contributions from the B^ and B^ mesons. Under the assumption of no CP 
violation in B^ mixing, a number of these analyses [l ^[7n[TMlll79] quote a measurement of 
vAgL or \q/p\d for the B^ meson. Including also these resulta^^l 

Ad _ 

•^SL — 



\q/p\d for the B meson. Including also these result^^ in the previous average leads to 
—0.0010 ± 0.0037 under the assumption A^i^ = 0. The latter assumption makes sense 



^^An old unpublished measurement by BaBAR [181] in no longer included in our averages, nor in Table [T9l 
^^A low-statistics result published by CDF using the Run I data [17 & and an unpublished result by CDF 
using Run II data |177l are not included in our averages, nor in Table fT9l 
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Table 19: MeasurementOllj of CP violation in mixing and their average in terms of both 
.AgL and \qjv\d- The individual results are listed as quoted in the original publications, or 
converteco to an A'^i^ value. When two errors are quoted, the first one is statistical and the 
second one systematic. The last group of results from OPAL and ALEPH assume no CP 
violation in 5° mixing. 



Measured 



Exp. & Ref. 



Method 



Measured \q/p\d 



cLEo [nn] 

CLEO [175] 
CLEO [T75] 
BABAR [TSD] 
BABAR [HO] 
Belle [182] 



partial hadronic rec. 

dileptons 
average of above two 
full hadronic rec. 

dileptons 

dileptons 



+0.017 ±0.070 ±0.014 
±0.013 ±0.050 ±0.005 
±0.014 ±0.041 ±0.006 



Average of above 6 B factory results 



-0.0011 
-0.0005 



±0.0079±0.0085 
± 0.0056 (tot) 



1.029 ±0.013 ±0.011 
0.9992 ±0.0027±0.0019 
1.0005 ±0.0040±0.0043 
1.0002 ±0.0028 (tot) 



DO [178] dimuons -0.0012 

Average of above 7 direct measurements —0.0009 



± 0.0052 (tot) 
± 0.0038 (tot) 



1.0004 ±0.0019 (tot) 



OPAL [134] 


leptons 


±0.008 ±0.028 ±0.012 


OPAL [71] 


inclusive (Eq. fl70|)) 


±0.005 ±0.055 ±0.013 


ALEPH [T7U] 


leptons 


-0.037 ±0.032 ±0.007 


ALEPH fT75] 


inclusive (Eq. flTU])) 


±0.016 ±0.034 ±0.009 


ALEPH [179] 


average of above two 


-0.013 ± 0.026 (tot) 


Average of above 12 results 


-0.0010 ± 0.0037 (tot) 1.0005 ± 0.0019 (tot) 



Best fit value from 2D combination of 
and results (see Eq. fl7i|) ) 



-0.0033 ± 0.0033 (tot) 1.0017 ± 0.0017 (tot) 



within the Standard Model, since is predicted to be much smaller than A'^i^ [91], but may 
not be suitable in presence of New Physics. 

The following constraints on a combination of and (or equivalently \q/p\d and 
\q/p\s) have been obtained by the Tevatron experiments, using inclusive semileptonic decays of 
h hadrons: 

\ [fd Xd^sL + fs Xs^sl) = ±0.0015 ± 0.0038(stat) ± 0.0020(syst) CDFl , (72) 
= ■^'^^'^^SL + ■^^^^■^SL _ -0.00787 ± 0.00172(stat) ± 0.00093(syst) DO [178] , (73) 

wher^ Zq = 1/(1 — y"^) — 1/(1 ± a;^= 2xq/(l — y^), q = d,s. While the CDF measurement 
is compatible with no CP violation^"!, the more precise DO result of Eq. fl73|) . obtained by 

i^In Ref. [184], the DO result i (^A^^ + ^sLTff^) = -0.0023±0.0011(stat)±0.0008(syst) [44] (now superseded 
by that of Ref. [ITS]) was reinterpreted by replacing Xs/Xd with Zg/Zd- For simplicity, and since this has anyway 
a negligible numerical effect on our combined result of Fig.|9l we follow the same interpretation and set Xq — Zq/2 
in Eq. We also set f^ = fq. 

20 A more precise result from CDF2, A^^ = +0.0080 ± 0.0090(stat) ± 0.0068(syst) [177], is also compatible 
with no CP violation, but since it is unpublished since 2007 we no longer include it in our averages, nor in 

Fig.ini 
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CDF 
(Run I) 

DO 
(9.0 fb"') 

DO D^^X(tagged) 
(5fb"') 



Average 




Heavy Flavour 
Averaging Group 



-0.04 -0.02 0.02 0.04 



0.1048 ±0.2832 



+0.1489 
-0.1488 



-0.0178 ±0.0042 ±0.0085 



-0.0017 ±0.0091 



+0.0014 
-0.0015 



-0.0095 ±0.0066 



Figure 9: Measurements of ^sl, derived from CDF |176j^ and DO |178[I185] analyses and 
adjusted to the B factory average of v4gL, the Tevatron averages of the 6-hadron fractions, and 
the latest averages of the mixing parameters. The combined value of is also shown. 



measuring the charge asymmetry of like-sign dimuons, differs by 3.9 standard deviations from 
the Standard Model prediction of ^^l(SM) = {-2.8toi) x 10"^ [9T|[T78]. 

Using the average Aj^ = -0.0005 ±0.0056 of Eq. (JTID, obtained from results at B factories, 
the averages of the Tevatron 6-hadron fractions and their correlations listed in Table |5l and 
the averages of the mixing parameters presented in this chapter, the two results of Eqs. f l72|) 
and fl73l) are turned into the measurements of A^i^ displayed in the top part of Fig. |9l Taking 
into account the uncertainties in Za, and Zg, the value derived from the DO result does 

not show evidence of CP violation in the 1?° system. In addition, the third line of Fig. |9] 
shows a direct determination of A^i^ obtained by DO by measuring the charge asymmetry of 
tagged 5° — )■ DgfiX decays |185] . The three results of Fig. [9] are combined to yield = 
-0.0095 ± 0.0038(stat) ± 0.0054(syst) = -0.0095 ± 0.0066 or, equivalently through Eq. ([69D, 
\q/p\s = 1.0048 ± 0.0019(stat) ± 0.0027(syst) = 1.0048 ± 0.0033. The quoted systematic errors 
include experimental systematics as well as the correlated dependence on external parameters. 

In the latest update of the DO like-sign dimuon analysis, the dependence of the charge asym- 
metry is investigated for the first time as a function of the muon impact parameters, allowing 
the separation of the B^ and B^ contributions to the result of Eq. (!73|) . Using the mixing 
parameters and the LEP 6-hadron fractions of Ref. [1], the DO collaboration extracts [178] 
values for and and their correlation coefficient, as shown in the first line of Table [20l 
However, the individual contributions to the total quoted errors from this analysis and from 
the external inputs are not given, so the adjustment of these results to different or more recent 
values of the external inputs cannot (easily) be done. Using a two-dimensional fit, these val- 
ues are combined with the B factory average of Eq. flTTj) and with the result from the tagged 
B^ DsfiX analysis [185\ . assumed to be independent and also shown in Table [20l The result, 
shown graphically in Fig. [ini is 
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Table 20: Direct measurements of CP violation in and B mixing, together with their 
two-dimensional average. Only total errors are quoted. 

Exp. & Ref. Method Measured Measured pMIl^^sl) 



DO [ml dimuons -0.0181 ± 0.0106 -0.0012 ± 0.0052 -0.799 

DO tagged 5° ^ D^fiX -0.0017 ± 0.0092 

B factory average of Eg. (17T|) -0.0005 ± 0.0056 

Average of all above -0.0105 ± 0.0064 -0.0033 ± 0.0033 -0.574 



pq"0.01 



C/2 







-0.01 



-0.02 



-0.03 



Ax =1 



HFAG 



-| April 2012 

I 

-0.02 




-0.01 







0.01 ^ 



Figure 10: Direct measurements of and listed in Table [20] (5-factory average as the 
vertical blue shaded band, DO measurements as the horizontal green shaded band and as the 
green ellipse), together with their two-dimensional average (red shaded ellipse). The red point 
close to (0, 0) is the Standard Model prediction of Ref. |91] with error bars multiplied by 10. 



A' 



SL 



A- 



SL 



SL) 



-0.0033 ± 0.0033 
-0.0105 ±0.0064 
-0.574. 



\Q/p\d 
\(l/p\s 



1.0017 ±0.0017; 
1.0052 ±0.0032. 



(74) 
(75) 
(76) 



The average of Fig. [9] ignores the impact parameter study of DO and is adjusted to the b- 
hadron fractions at the Tevatron. The average of Eq. ( |75l) ignores the CDFl result (which has 
a very large uncertainty anyway) and is adjusted to the 6-hadron fractions at LEP. We choose 
the results of Eqs. fITil) . fl75|) . and fl76|l as our final average^, since they better incorporate the 
available published data. 
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Early analyses and (perhaps hence) the PDG use the complex parameter — {p — q) / {p + q)', if CP 
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The above averages are compatible with no CP violation in and mixing. They are also 
compatible with the very small predictions of the Standard Model, v4gL = —(4.1 ±0.6) x 10~^ 
and ^^L^^ = +(1-9 ± 0.3) x lO'^ [9l]. However, given the current size of the experimental 
uncertainties, there is still a large room for a possible New Physics contribution, especially in the 
5° system. In this respect, the deviation of the DO dimuon asymmetry [178] from expectation 
has generated a lot of excitement, and new experimental data (in particular from LHCb) is 
awaited eagerly. 

At the more fundamental level, CP violation in B^ mixin^^ is caused by the weak phase 
difference 

arg[-Mi2/ri2], (77) 



'12 



where M12 and are the off-diagonal elements of the mass and decay matrices of the 5° 
system. This is related to the observed decay-width difference through the relation 



B\ 



Ar, = 2|ri2|cos0i2 + c 



r 



12 



M 



12 



where quadratic (or higher-order) terms in the small quantity |ri2/Mi2| ~ 0{ml/mf) can be 
neglected. The SM prediction for this phase is tiny, (pf^ = 0.0038 ± 0.0010 [91]; however, new 
physics in B^ mixing could change this observed phase to 



n2 



C + <2^ 



(79) 



The Bg semileptonic asymmetry can be expressed as |186] 

2^ 



A 



SL 



Im 



r 



12 



Ml 



12 



+ 



r 



12 



M- 



12 



AT, 
Am, 



tan( 



'12 



+ 



r 



12 



12 



^0) 



Using this relation, the current knowledge of Ao^^^, ATg and Arris, given in Eqs. (^^, (ES]), and 
(El]) respectively, yield a very first experimental determination of 0i2, 



tan( 



'12 



-^s^Af: 



-1.9 ± 1.2, 



^1) 



which only represents a very weak constraint at present. 



3.3.4 Mixing-induced CP violation in decays 

CP violation induced by 5° — 5^ mixing has been a field of very active study and fast experi- 
mental progress in the past couple of years. Similarly to what has happened at the B factories 
a decade ago, when the B^ mixing-induced phase 2/5 was measured, the Tevatron and LHC 
experiments are now obtaining point estimates of the 5° mixing-induced phase 0^^^*. This CP- 
violating phase is defined as the weak phase difference between the B^ — B^ mixing amplitude 
and the b — )■ ccs decay amplitude. 

violation in the mixing in small, A^i^ = 4Re(e_B)/(l + |esp) and the averages of Eqs. l(7T|) and ([71)) correspond 
to Re(eB)/(l + lesp) = -0.0001 ± 0.0014 and -0.0008 ± 0.0008, respectively. 

^"'^Of course, a similar formalism exists for the system; for simplicity we omit here the subscript s for 0i2, 
M12 and ri2. 
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Table 21: Direct experimental measurements of 0^^**, AF^ and F^ using — )■ J/ilj(f) 
Bg J/ipirn decays. Only the solution with AF^ > is shown, since the two- fold ambiguity 
has been resolved in Ref. ^3|. The first error is due to statistics, the second one to systematics. 
The last line gives our average. 



Exp. Mode Ref. 




AF, (ps-1) 


r. (ps-i) 


CDF J/ilj(f) |153p 
DO J/ipcp |155| 
LHCbJ/V^0 |156|"'P 
LHCb J/V^7r7r[188j" 


[-0.60, 0.12], 68% CL 
-0.001 ±0.101 ±0.027 

n nTQ+O-173+0.004 
U.UiJ_o.i74_o.003 


0.068 ±0.026 ±0.007 

n 1 ^0+0.065 
U.iUO_Q 064 

0.116 ±0.018 ±0.006 


0.654 ± 0.008 ± 0.004 
0.6580 ±0.0054 ±0.0066 


Combined 


-0 044+"-^'^'^ 

U.U^^_Q Qg5 


±0.105 ±0.015 


0.6604 ±0.0058 



The combined LHCb result quoted in [TSS] is (/>f'' = -0.002 ± 0.083 ± 0.027. 



Preliminary. 



The golden mode for such studies is 5° — )■ J/i'fj), followed by J/ip — >■ fJ'~^f^— and — )■ K^K~ , 
for which a full angular analysis of the decay products is performed to separate statistically 
the CP-even and CP-odd contributions in the final state. As already mentioned in Sec. 13.3.21 
CDF [T53lfT5i] . DO [I55] and LHCb [T561IT57] have used both untagged and tagged 5° ^ J/ilj(f) 
events for the measurement of 0^'^*. In addition, the newly observed CP-odd decay mode 
S° J/ijj fo{980) , /o(980) vr+TT" has also been analyzed by LHCb [187] . without the need 
for an angular analysis; this analysis was (superseded and) extended to the three-body decay 
mode 5° — )■ J/^vr+TT" |188] . which has been shown to be almost CP pure with a CP-odd 
fraction larger than 0.977 at 95% CL [189] . 

All these analyses provide two mirror solutions related by the transformation (AF^, 0^) — )■ 
(— AFs, TT — (ps). However, a recent LHCb analysis of B^ — )■ J/ipK^K~ resolved this ambiguity 
and ruled out the solution with negative AF^ [93]. Therefore, in what follows we only consider 
the solution with AF^ > 0. 

We perform a combination of the CDF [153] , DO [155] and LHCb [156yi88| results summa- 
rized in Table [21] This is done by adding the two-dimensional log profile-likelihood scans of 
AFs and from the three 5° — t- J/ip cj) analyses and a one- dimensional log profile-likelihood 
of 0^'^* from the 5° — )■ J/ipn^n^ analysis, where in each case the —log-likelihood is minimized 
with respect to all other parameters, including F^. Since the -B^ — )■ J/ipip two-dimensional scan 
provided by LHCb in Ref. [156] contains only statistical uncertainty, on each (AF^, (pf^) point, 
we decrease the log-likelihood by the quantity 

A log - A log C^''' = ^f^ ~ '^J-min)^^^syst ^ (AF, - Ar,_^i,) ^ir-.^st ^ ^g2) 

where 0s_mm and AFs_min are the values of 0^'^'^ and AF^ at the minimum of the likelihood, 
and cr^-stat (o"Ar-stat) and (Xj^-syst (cTAr-syst) the statistical and systematic uncertainties on (pf^ 
(AFs). This assumes that the systematic uncertainties are Gaussian and independent of AF^ 
and (pf^^. Both the DO and CDF log profile-likelihood scans are corrected for coverage and 
include systematic uncertainties. We obtain the individual and combined contours shown in 
Fig. [TT] (left). Profiling the likelihood in each of the AF^ and 0^ dimensions, we find, as 
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Figure 11: Left: 68% CL regions in width difference AF^ and weak phase 0^'^* obtained from 
individual and combined CDF [I53], DO [IMj and LHCb [IMIM hkehhoods of 5° ^ J/^pcf) 
and — )• J/iprni [18_8j samples. Right: same combined contour compared with the 68% CL 
(green) and 95% CL (yellow) regions allowed by the measurements of and Am^. The 
expectation within the Standard Model pnil52] is shown as the black rectangle. 



summarized in Table [5TJ 

AF, = +0.105 ± 0.015 ps^S (83) 
0f = -0.0441°;°^°. (84) 

In the Standard Model and ignoring sub-leading penguin contributions, (pf^ is expected to 
be equal to — 2/3^, where (3s = arg [— (VtsV^l) / {VcsV*)^)] is a phase analogous to the angle (3 of 
the usual CKM unitarity triangle (aside from a sign change). An indirect determination via 
global fits to experimental data gives |152j 

(0f )s^ = -2/3, = -omest'oZit ■ (85) 

The average value of (j)^'^^ from Eq. flH^ is consistent with this Standard Model expectation. 

New physics could contribute (pf^^. Assuming that new physics only enters in M12 (rather 
than in F12), one can write [91] 

0f = -2/3, + <p^^ , (86) 
where the new physics phase (f)^2 is the same as that appearing in Eq. (1791) . In this case 

0i2 = 0L^ + 2/3, + </)f (87) 

and Eq. fl80l) then provides a relation between AF, and 0^^*, based on the measured values 
of and Am, (Eqs. fl75l) and fl64|) ) as well as the expectations for cpf^ and —2/3,. The 
allowed region in the (AF,, 0^^^*) plane is shown in Fig. [11] (right), where it is compared both 
with the direct measurement of AF, and 0^^*, and with the Standard Model expectations. No 
inconsistency is observed between all these data. 
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4 Measurements related to Unitarity Triangle angles 



The charge of the ^^CP{t) and Unitarity Triangle angles" group is to provide averages of mea- 
surements from time- dependent asymmetry analyses, and other quantities that are related to 
the angles of the Unitarity Triangle (UT). In cases where considerable theoretical input is 
required to extract the fundamental quantities, no attempt is made to do so at this stage. 
However, straightforward interpretations of the averages are given, where possible. 

In Sec. 14.11 a brief introduction to the relevant phenomenology is given. In Sec. 14.21 an 
attempt is made to clarify the various different notations in use. In Sec. 14.31 the common 
inputs to which experimental results are rescaled in the averaging procedure are listed. We 
also briefly introduce the treatment of experimental errors. In the remainder of this section, 
the experimental results and their averages are given, divided into subsections based on the 
underlying quark-level decays. 



4.1 Introduction 

The Standard Model Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix V must be 
unitary. A 3 x 3 unitary matrix has four free parameters!^ and these are conventionally written 
by the product of three (complex) rotation matrices |190] , where the rotations are characterised 
by the Euler angles 612, ^13 and 623, which are the mixing angles between the generations, and 
one overall phase 6, 

I Vud Vus Vuh \ ( C12C13 S12C13 sx^e""^ 

^ =\ ^cd Vcs Vcb = -S12C23 - C12 523-5136*'^ C12C23 - Sl2S23Sl3e*'' S23C13 
\ Vtd Vts Vth ) \ S12S23 - Ci2C23Sl3e*'^ -C12S23 - Si2C23Si3e*'^ C23C13 

where Cij = cos 9ij, Sij = sin 9ij ior i < j = 1,2,3. 

Following the observation of a hierarchy between the different matrix elements, the Wolfen- 
stein parametrisation [191j is an expansion of V in terms of the four real parameters A (the 
expansion parameter), A, p and 77. Defining to all orders in A |192j 



S12 = A, 

523 = AW (89) 
si3e-*^ = A\\p-i7^), 

and inserting these into the representation of Eq. ( 188|) . unitarity of the CKM matrix is achieved 
to all orders. A Taylor expansion of V leads to the familiar approximation 

/ 1 - AV2 A A\^{p - ir]) \ 

V = \ -A 1 - AV2 A\^ \ + (A^) . (90) 

\ A\%1 -p-tri) -A\^ 1 / 

At order A^, the obtained CKM matrix in this extended Wolfenstein parametrisation is: 

l-iA^-iA^ A AX^{p-iri) 

V=\ -X + ^A^X^l-2{p + i7j)] l-iA2-iA4(l + 4A2) ^^2 I + O (A'') . (91) 

AX^[l-{l-lX^){p + ir])] -AX^ + ^AX'^[l-2{p + i7])] 1-^A^X'^ 



In the general case there are nine free parameters, but five of these are absorbed into unobservable quark 
phases. 
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The non-zero imaginary part of the CKM matrix, which is the origin of CP violation in the 
Standard Model, is encapsulated in a non-zero value of 77. 

The unitarity relation V'^V = 1 results in a total of nine expressions, that can be written 
as '^i^uct^ij^ik = 5jki where 5jk is the Kronecker symbol. Of the off-diagonal expressions 
(j 7^ /c), three can be transformed into the other three leaving six relations, in which three 
complex numbers sum to zero, which therefore can be expressed as triangles in the complex 
plane. More details about unitarity triangles can be found in [193til98j . 

One of these relations, 

Vudv:, + v,,v:, + vuv:, = o , (92) 

is of particular importance to the B system, being specifically related to flavour changing 
neutral current h d transitions. The three terms in Eq. (l92l) are of the same order {O (A^)), 
and this relation is commonly known as the Unitarity Triangle. For presentational purposes, it 
is convenient to rescale the triangle by (KdV^ft)"^, as shown in Fig. [121 

Two popular naming conventions for the UT angles exist in the literature: 



a 



arg 



VudYub\ 



/3 = 



arg 



1 = h 



arg 



(93) 



In this document the (a, /3, 7) set is usedo The sides Ru and Rt of the Unitarity Triangle (the 
third side being normalised to unity) are given by 



Ru 



V7 



Rt 



:i-p)2+f . 



where p and r] define the apex of the Unitarity Triangle |192] 

yr^A2 (p + ir/) 



1 + 



(94) 



(95) 



^•^ The relevant unitarity triangle for the system is obtained by replacing d -H> s in Eq. 1^21 Definitions 
of the set of angles (as,/?s,7s) can be obtained using equivalent relations to those of Eq. [93l for example 
/3s = a,ig[—{VcsV*i^)/ (VtsVfl)]. This definition gives a value of /3s that is negative in the Standard Model, so 
that the sign is often flipped in the literature. 
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The exact relation between (p, rj) and (p, rj) is 



p + iri = , . 96 

v^r^A2[l- A2A4(p + zfj)] ^ ' 

By expanding in powers of A, several useful approximate expressions can be obtained, in- 
cluding 

P = p(l - ^A^) + 0{X) , rJ = r/(l - U?) + 0{\') , V,, = AX\l -p-tv) + 0{\') . (97) 
4.2 Notations 

Several different notations for CP violation parameters are commonly used. This section reviews 
those found in the experimental literature, in the hope of reducing the potential for confusion, 
and to define the frame that is used for the averages. 

In some cases, when B mesons decay into multibody final states via broad resonances (p, 
K* , etc.), the experimental analyses ignore the effects of interference between the overlapping 
structures. This is referred to as the quasi-two-body (Q2B) approximation in the following. 

4.2.1 CP asymmetries 

The CP asymmetry is defined as the difference between the rate involving a h quark and that 
involving a h quark, divided by the sum. For example, the partial rate (or charge) asymmetry 
for a charged B decay would be given as 

, r(B-^/)-r(B^^7)^ 

T{B- ^ f) + T{B* ^ f) 

4.2.2 Time-dependent CP asymmetries in decays to CP eigenstates 

If the amplitudes for B^ and B^ to decay to a final state /, which is a CP eigenstate with 
eigenvalue ?7/, are given hj Af and Af, respectively, then the decay distributions for neutral B 
mesons, with known flavour at time At = 0, are given by 



g-|At|/r(i30) 

r^o^/At) = 4^^^o) 

g-|At|/r(BO) 

rBO^/(At) = 



^ 2Im(A.) . ^ , 

1 + ^ ^ ,\ sm(AmAt) 



4r(S' 



0^ 



1+IA/i 
2Im(A/) 
1 + IA/P 



sin(AmAt) 



1 - 


lA/P 


cos(AmAi:) 


1 + 


lA/P 


1 - 


lA/P 


cos(AmAt) 


1 + 


|A/P 



(99) 
(100) 



Here A/ = contains terms related to B^-B^ mixing and to the decay amplitude (the 

eigenstates of the effective Hamiltonian in the system are \B±) = p \ B'^) ± q [-B*^)). This 

formulation assumes CPT invariance, and neglects possible lifetime differences (between the 
eigenstates of the effective Hamiltonian; see Section 13.31 where the mass difference Am is also 
defined) in the neutral B meson system. The case where non-zero lifetime differences are taken 
into account is discussed in Section [4.2.31 Note that the notation and normalisation used here 
is that which is relevant for the e~^e~ B factory experiments. At hadron collider experiments. 
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the flavour tagging is done at production (At = t = 0), and therefore t is usually used in place 
of At. Moreover, since negative values of t are not allowed, the normalisation is such that 
/+°° (r^o^/t) + r^o^/t)) dt = 1, rather than (r^o^/At) + T^o^/At)) c/(At) = 1, as 
in Eqs. [99] and [Tool 

The time- dependent CP asymmetry, again defined as the difference between the rate in- 
volving a h quark and that involving a h quark, is then given by 



r^o^/At) -rBO^/(At) _ 2Im(A/) . 



2 



While the coefficient of the sin(AmAt) term in Eq. f llOip is everywhere!! denoted 5*/: 

S, ^ (102) 

different notations are in use for the coefficient of the cos (Am At) term: 

Cf ^ -Af ^ (103) 

The C notation is used by the BABAR collaboration (see e.g. [199j ). and also in this document. 
The A notation is used by the Belle collaboration (see e.g. |200j ). 

Neglecting effects due to CP violation in mixing (by taking \ q/p\ = 1), if the decay amplitude 
contains terms with a single weak [i.e., CP violating) phase then |A/| = 1 and one finds 
Sf =_-rjf sin(0mix+0dec), Cf = 0, where ^mix = arg(g/p) and 0dec = aTg{Af/Af). Note that the 
B^-B^ mixing phase (/)mix ~ 2/3 in the Standard Model (in the usual phase convention) |201[|202] . 

If amplitudes with different weak phases contribute to the decay, no clean interpretation 
of Sf is possible without further input. If the decay amplitudes have in addition different CP 
conserving strong phases, then \\f \ ^ 1 and additional input is required for interpretation. The 
coefficient of the cosine term becomes non-zero, indicating direct CP violation. The sign oi Af 
as defined above is consistent with that of Af in Eq. f[98ll . 

Due to the fact that sin (Am At) and cos (Am At) are respectively odd and even functions 
of At, only small correlations (that can be induced by backgrounds, for example) between Sf 
and Cf are expected a B factory experiments, where the range of At is — oo < At < +oo. The 
situation is different for measurements at hadron collider experiments, where the range of the 
time variable is < At < +oo, so that more sizable correlations can be expected. We include 
the correlations in the averages where available. 

Frequently, we are interested in combining measurements governed by similar or identical 
short- distance physics, but with different final states {e.g., B^ — t- J/ipK^ and B^ — > J/ipK^). 
In this case, we remove the dependence on the CP eigenvalue of the final state by quoting 
—rjSf. In cases where the final state is not a CP eigenstate but has an effective CP content 
(see below), the reported —r]S is corrected by the effective CP. 

4.2.3 Time-dependent distributions with non-zero decay width difference 

A complete analysis of the time-dependent decay rates of neutral B mesons must also take into 
account the lifetime difference between the eigenstates of the effective Hamiltonian, denoted by 
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Occasionally one also finds Eq. (|10ip written as ^/ (Ai) = sin( AmAi) + ^"^"^ cos(AmAt), or similar. 
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Ar. This is particularly important in the Bg system, since non- negligible values of AF^ have 
now been established (see Section [3731 for the latest experimental constraints). Neglecting CP 
violation in mixing, the relevant replacements for Eqs. [99] & llOOl are |203] 



T,_^JAt)=Ar^-^^^ cosh(^)+ 



fl 



^^^^sin(AmAt) - cos(AmAt) - i|g^sinh(^) 



and 



r^o^;(At) = Ar --^";;g;-' cosh( 



• A^A^^ 



2 ^ 

^ sin(AmAt) + cos(AmAt) - ^ sinh(^^ 

To be consistent with our earlier notation]^ we write here the coefficient of the sinh term 



(104) 



(105) 



A complete, tagged, time-dependent analysis of CP asymmetries in Bg decays to a CP eigenstate 
/ can thus obtain the parameters Sf, Cf and A^^. Note that, by definition, 

{Sf)' + {Cff+{Af)' = l, (107) 

and this constraint can be imposed or not in the fits. Since these parameters have sensitivity 
to both Im(A/) and Re(A/), alternative choices of parametrisation, including those directly 
involving CP violating phases (such as /3s), are possible. These can also be adopted for vector- 
vector final states. 

The untagged time-dependent decay rate is given by 



r^^^/At) +r^o_,(At) = Ar^-^[cosh (^^-j - Y^i^^^smh (^^-j J . (108) 

With the requirement Jj*^ r^^^j(At) + TBO^f{At)d{At) = 1, the normalisation factor Af is 
fixed to 1 — {^Y- Note that an untagged time- dependent analysis can probe A/, through 
Re(Aj), when AF 7^ 0. This is equivalent to determining the effective lifetime" |158j . as 
discussed in Sec. 13.2.41 The tagged analysis is, of course, more sensitive. 

Other expressions can be similarly modified to take into account non-zero lifetime differ- 
ences. Note that when the final state contains a mixture of CP-even and CP-odd states (as, for 
example, for vector- vector or multibody self-conjugate states), that Re(A/) contains terms pro- 
portional to both the sine and cosine of the weak phase difference, albeit with rather different 
sensitivities. 



4.2.4 Time-dependent CP asymmetries in decays to vector-vector final states 

Consider B decays to states consisting of two spin-1 particles, such as J/ipK*'^{-^ i^'gTr"), 
D*+D*- and p^p", which are eigenstates of charge conjugation but not of parity!^ In fact, for 

As ever, alternative and conflicting notations appear in the literature. One popular alternative notation 
for this parameter is .4Ar- Particular care must be taken over the signs. 

This is not true of all vector-vector final states, e.g., D*^p^ is clearly not an eigenstate of charge conju- 
gation. 
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such a system, there are three possible final states; in the helicity basis these can be written 
h^i, ho, /i+i. The ho state is an eigenstate of parity, and hence of CP; however, CP transforms 
/i+i ^ (up to an unobservable phase). In the transversity basis, these states are transformed 
into h\\ = {h+i + h_i)/2 and h^ = (/i+i — /i_i)/2. In this basis all three states are CP eigenstates, 
and h± has the opposite CP to the others. 

The amplitudes to these states are usually given by ^o,±,|| (here we use a normalisation 
such that l^ol^ + + I^IlP = !)• Then the effective CP of the vector-vector state is known 
if \A±\'^ is measured. An alternative strategy is to measure just the longitudinally polarised 
component, |^oP (sometimes denoted by /long), which allows a limit to be set on the effective 
CP since \ A±\'^ < \A±\'^ + I^IlP — ^~ l^oP- The most complete treatment for neutral B decays 
to vector-vector final states is time-dependent angular analysis (also known as time-dependent 
transversity analysis). In such an analysis, the interference between the CP-even and CP-odd 
states provides additional sensitivity to the weak and strong phases involved. 

In most analyses of time- dependent CP asymmetries in decays to vector-vector final states 
carried out to date, an assumption has been made that each helicity (or transversity) amplitude 
has the same weak phase. This is a good approximation for decays that are dominated by 
amplitudes with a single weak phase, such 5° — )■ J/ipK*^, and is a reasonable approximation 
in any mode for which only very limited statistics are available. However, for modes that have 
contributions from amplitudes with different weak phases, the relative size of these contributions 
can be different for each helicity (or transversity) amplitude, and therefore the time-dependent 
CP asymmetry parameters can also differ. The most generic analysis, suitable for modes with 
sufficient statistics, would allow for this effect; an intermediate analysis can allow different 
parameters for the CP-even and CP-odd components. Such an analysis has been carried out 
by BABAR for the decay 5° ^ D*+D*' [20A\ . 

4.2.5 Time-dependent asymmetries: self-conjugate multiparticle final states 

Amplitudes for neutral B decays into self-conjugate multiparticle final states such as tt+tt^tt^, 
K~^K~ Kg, TT^TT^Kg, J/ip7T'^TT~ OT Dtt'^ with D — )■ Kg7r~^7T~ may be written in terms of CP-even 
and CP-odd amplitudes. As above, the interference between these terms provides additional 
sensitivity to the weak and strong phases involved in the decay, and the time- dependence de- 
pends on both the sine and cosine of the weak phase difference. In order to perform unbinned 
maximum likelihood fits, and thereby extract as much information as possible from the distri- 
butions, it is necessary to select a model for the multiparticle decay, and therefore the results 
acquire some model dependence (binned, model independent methods are also possible, though 
are not as statistically powerful). The number of observables depends on the final state (and on 
the model used); the key feature is that as long as there are regions where both CP-even and 
CP-odd amplitudes contribute, the interference terms will be sensitive to the cosine of the weak 
phase difference. Therefore, these measurements allow distinction between multiple solutions 
for, e.g., the four values of /3 from the measurement of sin(2/3). 

We now consider the various notations which have been used in experimental studies of 
time- dependent asymmetries in decays to self-conjugate multiparticle final states. 

^0 _^ D'^*)h^ with D K°7r+7r- 

The states Dn'^, D*'k'^, Dt], D*t], Du are collectively denoted D^*^h'^. When the D decay 
model is fixed, fits to the time-dependent decay distributions can be performed to extract the 
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weak phase difference. However, it is experimentally advantageous to use the sine and cosine of 
this phase as fit parameters, since these behave as essentially independent parameters, with low 
correlations and (potentially) rather different uncertainties. A parameter representing direct 
CP violation in the B decay can also be floated. For consistency with other analyses, this could 
be chosen to be Cf, but could equally well be |A/|, or other possibilities. 

Belle performed an analysis of these channels with sin(20i) and cos(20i) as free parame- 
ters [205] . BABAR have performed an analysis floating also |A/| |206j (and, of course, replacing 
01^/5). 

B° D*+D*-K° 

The hadronic structure of the B^ — > D*^ D*^ decay is not sufficiently well understood to 
perform a full time-dependent Dalitz plot analysis. Instead, following Browder et al. [207] . 
BABAR [2nB| divide the Dalitz plane in two: m{D*+Klf > m{D*-K'^f {rjy = +1) and 
m{D*~^K^y < m{D*~ {rjy = —1); and then fit to a decay time distribution with asymmetry 
given by 



Af (At) = 7]y^ cos(AmAt) 



^^^-isin(2/3)+r/,^cos(2/3) 



sin(AmAt) . (109) 



A similar analysis has also been carried out by Belle [209] . The measured values are 

sin(2/3) and ^^cos(2/3), where the parameters Jo, Jc, Jsi and Js2 are the integrals over 
the half Dalitz plane ni{D*^Kf}'^ < m{D*~Kf}'^ of the functions |ap + |ap, |ap — |ap, Re(aa*) 
and Im(aa*) respectively, where a and a are the decay amplitudes of B° — )■ D*~^ D*~ and 
B° —7- D*^ D*^ respectively. The parameter Js2 (and hence Js2/ Jo) is predicted to be positive; 
with this assumption is it possible to determine the sign of cos(2/3). 

B° K+K K^ 

Studies of B° ^ K+R-R^ [2T0H2T2] and of the related decay B+ K+K-K+ [2T2ti2TI] . 
show that the decay is dominated by a large nonresonant contribution with significant compo- 
nents from the intermediate K^K~ resonances 0(1020), /o(980), and other higher resonancesl^ 
as well a contribution from Xco- 

The full time-dependent Dalitz plot analysis allows the complex amplitudes of each con- 
tributing term to be determined from data, including CP violation effects {i.e. allowing the 
complex amplitude for the B° decay to be independent from that for B" decay), although one 
amplitude must be fixed to give a reference point. There are several choices for parametrisation 
of the complex amplitudes {e.g. real and imaginary part, or magnitude and phase). Similarly, 
there are various approaches to include CP violation effects. Note that positive definite parame- 
ters such as magnitudes are disfavoured in certain circumstances (they inevitably lead to biases 
for small values). In order to compare results between analyses, it is useful for each experiment 
to present results in terms of the parameters that can be measured in a Q2B analysis (such as 
Af, Sf, Cf, sin(2/5^*^), cos(2/3^*f), etc.) 

In the BABAR analysis of B° — )■ K^K^ [212j . the complex amplitude for each resonant 



The broad structure that peaks near m{K^K ) ^ 1550 MeV/c^ and was denoted Xo(1550) is now believed 
to originate from interference effects. 
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contribution is written as 



Af = Cf{l + bf)e'^'''f+^f^ , Af = Cf{l - bf)e'^'''f-^f^ , (110) 

where bf and 6f introduce CP violation in the magnitude and phase respectively. Belle |211] 
use the same parametrisation but with a different notation for the parameterso [The weak 
phase in B^-B mixing (2/3) also appears in the full formula for the time-dependent decay 
distribution.] The Q2B direct CP violation parameter is directly related to 6/ 



-26 

and the mixing-induced CP violation parameter can be used to obtain sin(2/3''^ 



-^/^/^T^^i^^2/3f), (112) 

where the approximations are exact in the case that \q/p\ = 1. 

Both BABAR |212] and Belle |211j present results for Cf and (pf, for each resonant contri- 
bution, and in addition present results for Af and Pj^ for (f){1020)K^ ,fn{980)K^ and for the 
remainder of the contributions to the K^K~K^ Dalitz plot combinedo The models used to 
describe the resonant structure of the Dalitz plot differ, however. Both analyses suffer from 
multiple solutions, from which we select only one for averaging. 

studies of 5° ^ -k+^-RI [2l5l[2l6] and of the related decay B+ tx+^-K+ [2T31I2T71 - 
1219] show that the decay is dominated by components from intermediate resonances in the 
Kt: (ir*(892), ir*(1430)) and vrvr (p(770), /o(980), /2(1270)) spectra, together with a poorly 
understood scalar structure that peaks near m(7r7r) ~ 1300 MeV/c^ and is denoted /x(1300) 
(that could be identified as either the /o(1370) or /o(1500)), and a large nonresonant component. 
There is also a contribution from the Xco state. 

The full time- dependent Dalitz plot analysis allows the complex amplitudes of each con- 
tributing term to be determined from data, including CP violation effects. In the BABMi 
analysis |215j . the magnitude and phase of each component (for both B^ and B^ decays) are 
measured relative to B^ — )■ /q (980) Kg, using the following parametrisation 

Af = \Af\ e^^'-s^^/) , Af = \ Af\ e^^-'s^^/) . (113) 

In the Belle analysis |216] . the — )• i^r*+7r^ amplitude is chosen as the reference, and the 
amplitudes are parametrised as 

Af = af{l + Cf)e'^^f+'^f'> , Af = a/(l - c/)e^(^^-'^^) . (114) 

In both cases, the results are translated into quasi- two-body parameters such as 2/3^^, Sf,Cf 
for each CP eigenstate /, and direct CP asymmetries for each flavour-specific state. Relative 
phase differences between resonant terms are also extracted. 



{c,b,(j),S) o {a,c,b,d). 

BaBAR also present results for the Q2B parameter Sf for these channels. 
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The — ?► TT+TT Ti^ decay is dominated by intermediate p resonances. Though it is possible, 
as above, to determine directly the complex amplitudes for each component, an alternative 
approach [220l|22T], has been used by both BABM [222] and Belle [223l[22l]. The amphtudes 
for 5° and to 7r"'"7r~7r° are written 

A3. = f+A+ + + foAo , A3. = f+A+ + fJA^ + /oZo (115) 

respectively. A_|_, A_ and Aq represent the complex decay amplitudes for B^ — )■ p^vr^, B^ — t- 
p~TT^ and i?*^ — 7- p^tt" while ^4+, y4_ and Aq represent those for B^ — )■ p^vr^, 5° — t- p^n^ and 
^0 _v. pO^o respectively. /+, /_ and /o incorporate kinematic and dynamical factors and depend 
on the Dalitz plot coordinates. The full time-dependent decay distribution can then be written 
in terms of 27 free parameters, one for each coefficient of the form factor bilinears, as listed 
in Table [221 These parameters are often referred to as "the Us and Is" , and can be expressed 
in terms of ^4+, A_, Aq, A+, A- and Ao. If the full set of parameters is determined, together 
with their correlations, other parameters, such as weak and strong phases, direct CP violation 
parameters, etc., can be subsequently extracted. Note that one of the parameters (typically 
U^) is often fixed to unity to provide a reference point; this does not affect the analysis. 



4.2.6 Time-dependent CP asymmetries in decays to non-CP eigenstates 

Consider a non-CP eigenstate /, and its conjugate /. For neutral B decays to these final 
states, there are four amplitudes to consider: those for to decay to / and f {Af and Aj, 
respectively), and the equivalents for B^ {Af and Aj). If CP is conserved in the decay, then 
Af = Aj and Aj = Af. 

The time-dependent decay distributions can be written in many different ways. Here, we 

and Aj = 



follow Sec. 14.2.21 and define A/ = and Aj = The time-dependent CP asymmetries 



then follow Eq. ffTOTjl : 

Af{At) ^ / (.Lr A, = ^/sin(AmAt)-C;cos(AmAt), (116) 

Tm^-fiAt) - rR0^7(At) 

AjiAt) ^ / ^A.^r A. = Sjsm{AmAt)-Cjcos{AmAt), (117) 

with the definitions of the parameters C/, Sf, Cj and Sj, following Eqs. f ll02p and f llOSp . 
The time-dependent decay rates are given by 

(1 + {Afj)) {1 + Sf sin(AmAt) - C/ cos(AmAt)} , (118) 

(1 + {Afj)) {1 - Sf sin(AmAt) + Cf cos(AmAt)} , (119) 

(1 - (^^j)) {1 + ^jsin(AmAt) - Cjcos(AmAt)} , (120) 

(1 - (Afj)) {1 - Sjsm{AmAt) + Cjcos(AmAt)} , (121) 





g-|At|/r(BO) 


r^o^/At) = 


8r(S0) 




g-|At|/r(i30) 


Tso^fiAt) = 


8r(50) 




g-|At|/r(i30) 


Tso^jiAt) = 


8r(50) 




g-|At|/r(i?0) 


T^o^jiAt) = 


8r(S0) 
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Table 22: Definitions of tlie U and / coefficients. Modified from |222j . 



Parameter Description 



?7+i^" Coefficient of Re[/+/! 



U~:l"' Coefficient of Im[/+/I] cos(AmAt) 

U+'3" Coefficient of Re[/+/*] cos(AmAt) 

/^"i Coefficient of Im[/+/:] sin(AmAt) 

Coefficient of Re[/+/:] sin(AmAt) 

[7+0^"" Coefficient of Im [/+/*] 

t/+o^' Coefficient of Re[/+/o*] 

U'^^"" Coefficient of Im[/+/*] cos(AmAi) 

U-Q^" Coefficient of Re[/+/o*] cos(AmAt) 

Coefficient of Im[/+/*] sin(AmAt) 
Coefficient of Re[/+/o*] sin(AmAt) 

U^i"" Coefficient of Im [/_/*] 

U^t"" Coefficient of Re [/_/*] 

UZ^^"" Coefficient of Im[/_/*] cos(AmAi) 

UZt' Coefficient of Re [/_ /*] cos( AmAt) 

I^Z^ Coefficient of Im[/_/*] sin(AmAt) 

Coefficient of Re [/_ f^] sin( Am At) 



t/+ Coefficient of 

Coefficient of |/oP 
t/+ Coefficient of I 1 2 

Uq Coefficient of I /op cos(AmAt) 

Ul Coefficient of |/_ p cos(AmAt) 

Coefficient of I /+p cos( Am At) 

Jo Coefficient of I /op sin (Am At) 

J_ Coefficient of |/_ p sin(AmAt) 

J+ Coefficient of I /+p sin(AmAt) 

U^'l"" Coefficient of Im[/+/I] 



wfiere tfie time-independent parameter {-Ajj) represents an overall asymmetry in the production 
of the / and / final states!^ 



^^fl^ = 7 , ,-,2; ;, ,2 ,-,2 ■ (122) 

1^/1) + (1^/1 +1^/1 

Assuming \q/p\ = 1, the parameters Cf and Cj can also be written in terms of the decay 



This parameter is often denoted Af (or Acp), but here we avoid this notation to prevent confusion with 
the time-dependent CP asymmetry. 
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amplitudes as follows: 



Cf= ' ^' \J\, and Cj= ^' 123 
l^/l +1^/1 l^/l +1^/1 

giving asymmetries in the decay amplitudes of 5° and -B° to the final states / and / respectively. 
In this notation, the direct CP invariance conditions are {Aj^j) = and Cf = ~Cj. Note 
that Cf and Cj are typically non-zero; e.g., for a flavour-specific final state, Af = Aj = 
{Af = Aj = 0), they take the values Cf = -Cj = 1 {Cf = -Cj = -1). 

The coefficients of the sine terms contain information about the weak phase. In the case 
that each decay amplitude contains only a single weak phase {i.e., no direct CP violation), 
these terms can be written 

_ -2 sin(0mix + 0dcc - 5/) _ -2|v4j| |Zj|sin(0mix + 0dcc + 5/) 

\Aff+\Aff ' N +1^/1 

(124) 

where 5/ is the strong phase difference between the decay amplitudes. If there is no CP 
violation, the condition Sf = —Sj holds. If decay amplitudes with different weak and strong 
phases contribute, no clean interpretation of 5*/ and Sj is possible. 

Since two of the CP invariance conditions are Cf = —Cj and Sf = —Sj, there is motivation 
for a rotation of the parameters: 

S f -\- Sy S f — Sy C f -\- C-j C f — Cy 

Sfj = - , ASfj = - , Cfj = - , ACfj = - . (125) 

With these parameters, the CP invariance conditions become Sfj = and Cfj = 0. The 
parameter ACfj gives a measure of the "flavour-specificity" of the decay: ACfj = ±1 corre- 
sponds to a completely flavour-specific decay, in which no interference between decays with and 
without mixing can occur, while AC fj = results in maximum sensitivity to mixing-induced 
CP violation. The parameter ASjj is related to the strong phase difference between the decay 
amplitudes of 5° to / and to /. We note that the observables of Eq. f ll25p exhibit experi- 
mental correlations (typically of ~ 20%, depending on the tagging purity, and other effects) 
between Sj^j and ASj-j, and between Cjj and ACjj. On the other hand, the final state specific 
observables of Eq. flll6p tend to have low correlations. 

Alternatively, if we recall that the CP invariance conditions at the decay amplitude level 
are Af = Aj and Aj = Af, we are led to consider the parameters |225] 

|-r|2 , A ,2 l^|2 |.|2 

\Aj\ - \Af\ \Af\ - \Aj\ 

-4/7= ' |2 ' ' and Ajf= \'\, /' (126) 
l^7l +1^/1 \M +l^7l 

These are sometimes considered more physically intuitive parameters since they characterise 
direct CP violation in decays with particular topologies. For example, in the case of — t- p^vr^ 
(choosing / = p+vr" and / = p~7r+), Afj (also denoted Ap~) parametrises direct CP violation 
in decays in which the produced p meson does not contain the spectator quark, while Ajf 
(also denoted A~J~) parametrises direct CP violation in decays in which it does. Note that we 
have again followed the sign convention that the asymmetry is the difference between the rate 
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involving a b quark and that involving a b quark, cf. Eq. fl98p . Of course, these parameters are 
not independent of the other sets of parameters given above, and can be written 



{Afj) + Cfj + {Afj)AC 



ff 



and A-f 



{Afj) + Cfj+ {Afj)AC 



ff 



(127) 



1 + AC.j + {A,j)C,j 



■ff ~ 



-l + AC,j+{A,j)C,j 



They usually exhibit strong correlations. 

We now consider the various notations which have been used in experimental studies of 
time-dependent CP asymmetries in decays to non-CP eigenstates. 

The {{Ajrj), Cf, Sf, Cj, Sj), set of parameters was used in early publications by both 
BABAR [226] and Belle [227] (albeit with shghtly different notations) in the D*^D^ system 
(/ = D*^D^, f = D*~D~^). In their most recent paper on this topic Belle |228] instead used 
the parametrisation (A/)*/), 80*0, ASr)*D, Cd*d, ACr)*D), while BABAR |204j give results in 
both sets of parameters. We therefore use the {Ad*d, 80*0, ASd*d, Cd'd^ ACd'd) set. 



In the p^TT^ system, the {{A^-j), Cfj, S^j, ACjj, ASj-j) set of parameters has been used 
originally by BABAR ^229j and Belle |230] . in the Q2B approximation; the exact namej^ used 
in this case are {A^p, Cp^,, S'p^, ACp^, AS'p^), and these names are also used in this document. 

Since p^vr^ is reconstructed in the final state tt+tt^tt^, the interference between the p reso- 
nances can provide additional information about the phases (see Sec. I4.2.5p . Both BABAR [222] 
and Belle [223(1224] have performed time-dependent Dalitz plot analyses, from which the weak 
phase a is directly extracted. In such an analysis, the measured Q2B parameters are also 
naturally corrected for interference effects. See Sec. 14.2.51 

Time-dependent CP analyses have also been performed for the final states D^tt''^, D*'^'k'^ 
and D^p^. In these theoretically clean cases, no penguin contributions are possible, so there 
is no direct CP violation. Furthermore, due to the smallness of the ratio of the magnitudes 
of the suppressed (6 — )■ u) and favoured (6 — )■ c) amplitudes (denoted Rf), to a very good 
approximation, Cf = —Cj = 1 (using / = D^*^^h~^, f = D^*^^h~ h = vr,p), and the coefficients 
of the sine terms are given by 

Sf = -2Rf sin(0mix + 0dec - Sf) and Sj = -2Rf sin(0mix + 0dec + Sf). (128) 

Thus weak phase information can be cleanly obtained from measurements of Sf and Sj, al- 
though external information on at least one of Rf or 6 f is necessary. (Note that (pmix + (pdec = 
2(3 + ■J for all the decay modes in question, while Rf and 6f depend on the decay mode.) 

Again, different notations have been used in the literature. BABAR [23111232] defines the 
time-dependent probability function by 

e-l^*l/^ 

f^{r], At) = [1 T Sc sin(AmAt) t vCr cos(AmAt)] , (129) 

4r 

31 BABAR has used the notations Ag^ (5551 and Ap^ [3351 in place of A^p. 
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Table 23: Conversion between the various notations used for CP violation parameters in the 
D^TT^, D*^7T^ and D^p^ systems. The hi terms used by BABAR have been neglected. Recall 
that (a,/3,7) = (02,01,03)- 







BABAR 


Belle partial rec. 


Belle full rec. 


Sd+-k- 




= - {a + d) 


N/A 


2Rd7t sin(20i + 03 + Sdtt) 


Sd-tt+ 


-s+ 


= -(a - Ci) 


N/A 


2RDn Sin(20i + 03 - Sdtt) 


Sd*+it- 




= - (a + d) 


S+ 


-2Rd*-k sin(20i + 03 + 80*^) 


Sd*-tt+ 


-s+ 


= -(a - Ci) 


s- 


-2RD'n Sin(20i + 03 - Sd*^) 


So+p- 




= — (a + Ci) 


N/A 


N/A 


Sd-p+ 




= -(a - Ci) 


N/A 


N/A 



where the upper (lower) sign corresponds to the tagging meson being a B° (5°). [Note here 
that a tagging 5° (5°) corresponds to —5"^ (+5*^).] The parameters t] and ( take the values 
+1 and + (—1 and — ) when the final state is, e.g., D~7t^ (D+tt"). However, in the fit, the 
substitutions = 1 and Sc_ = a ^ rfhi — rjCi are madejfl [Note that, neglecting h terms, 

= a — c and S'_ = a + c, so that a = (5+ + S^)/2, c = {S- — 5'+)/2, in analogy to the 
parameters of Eq. (11251) .] The subscript i denotes the tagging category. These are motivated by 
the possibility of CP violation on the tag side [233], which is absent for semileptonic B decays 
(mostly lepton tags). The parameter a is not affected by tag side CP violation. The parameter 
b only depends on tag side CP violation parameters and is not directly useful for determining 
UT angles. A clean interpretation of the c parameter is only possible for lepton-tagged events, 
so the BABAR measurements report c measured with those events only. 

The parameters used by Belle in the analysis using partially reconstructed B decays [234] . 
are similar to the S*^ parameters defined above. However, in the Belle convention, a tagging 5° 
corresponds to a + sign in front of the sine coefficient; furthermore the correspondence between 
the super /subscript and the final state is opposite, so that 5*^ (BABAR) = —S^ (Belle). In this 
analysis, only lepton tags are used, so there is no effect from tag side CP violation. In the 
Belle analysis using fully reconstructed B decays |235j . this effect is measured and taken into 
account using D*/z/ decays; in neither Belle analysis are the a, b and c parameters used. In the 
latter case, the measured parameters are 2i?£,(*)^ sin(20i + 03 ± 6j^{*)^); the definition is such 
that (Belle) = -2i?B.^sin (201 + 03 ± 5i:)*7r). However, the definition includes an angular 
momentum factor (—1)^ [236] . and so for the results in the Dtt system, there is an additional 
factor of —1 in the conversion. 

Explicitly, the conversion then reads as given in Table [231 where we have neglected the bi 
terms used by BABAR (which are zero in the absence of tag side CP violation). For the averages 
in this document, we use the a and c parameters, and give the explicit translations used in 
Table [2H It is to be fervently hoped that the experiments will converge on a common notation 
in future. 

Time- dependent asymmetries in radiative B decays 

As a special case of decays to non-CP eigenstates, let us consider radiative B decays. Here, 
The subscript i denotes tagging category. 
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Table 24: Translations used to convert the parameters measured by Belle to the parameters 
used for averaging in this document. The angular momentum factor L is —1 for D*tt and +1 
for Dn. Recall that (a,/3,7) = (02,01,03)- 



0*71 partial rec. 








D^*h full 


rec. 




a -{S+ + S-) 

c -(V - S-) 


hi 
U 


-1)^+1 (2i?^(.)^ 


sin(20i -+ 
sin(20i -+ 


- 03 + 5dm^] 

- 03 + ^D(*)^\ 


) + 2i?^w^ sin(20i + < 
) - 2i?^(,), sin(20i + , 


h - 5d(*)^)) 



the emitted photon has a distinct helicity, which is in principle observable, but in practise is 
not usually measured. Thus the measured time-dependent decay rates are given by |237[I238] 

,-|At|/r(BO) 

^^^^0^ {1 + {Sl + Sr) sin(AmAt) - {Cl + Cr) cos(AmAt)} , 
TRO^x^iAt) = TRO^xjA^t) + TRO^x^^iAt) (131) 

-\At\/r{BO) 

= ^^^^0^ {1-{Sl + Sr) sin(AmAt) + {Cl + Cr) cos(AmAt)} , 



e" 



where in place of the subscripts / and / we have used L and R to indicate the photon helicity. 
In order for interference between decays with and without B^-B^ mixing to occur, the X system 
must not be flavour-specific, e.g., in case of B^ — K*^^, the final state must be K^tt^'j. The sign 
of the sine term depends on the C eigenvalue of the X system. At leading order, the photons 
from b ^ qj (b ^ qj) are predominantly left (right) polarised, with corrections of order of 
rriq/mb, thus interference effects are suppressed. Higher order effects can lead to corrections of 
order ^QCD/"^b |239[I240] . though explicit calculations indicate such corrections are small for 
exclusive final states |24HI242j . The predicted smallness of the S terms in the Standard Model 
results in sensitivity to new physics contributions. 



4.2.7 Asymmetries in B decays 

CP asymmetries in i? — t- D^*^K^*^ decays are sensitive to 7. The neutral D^*^ meson produced 
is an admixture of Z}(*)° (produced by a 6 — ?■ c transition) and D^*^^ (produced by a colour- 
suppressed b ^ u transition) states. If the final state is chosen so that both D^*^'^ and Z}(*)° 
can contribute, the two amplitudes interfere, and the resulting observables are sensitive to 7, 
the relative weak phase between the two B decay amplitudes [243j . Various methods have been 
proposed to exploit this interference, including those where the neutral D meson is reconstructed 
as a CP eigenstate (GLW) pM[2i5] . in a suppressed final state (ADS) pi6l[2i7] . or in a self- 
conjugate three-body final state, such as K^n^n^ (Dalitz) |248[I249] . It should be emphasised 
that while each method differs in the choice of D decay, they are all sensitive to the same 
parameters of the B decay, and can be considered as variations of the same technique. 

Consider the case of B^ — )■ DK^, with D decaying to a final state /, which is accessible to 
both D° and D^. We can write the decay rates for B~ and B~^ {^^), the charge averaged rate 
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(r = (r_ + r+)/2) and the charge asymmetry {A = (r_ - r+)/(r_ + r+), see Eq. (^) as 

oc rl + rl + 2rBrD cos {6b + SdTi), (132) 
r oc r% + rl) + 2rBrD cos {6b + 6d) cos (7) , (133) 
^ ^ "^rBTp sin {6b + 6d) sin (7) ^^^^^ 



r 



+ rjj + 2rBrD cos {6b + 5d) cos (7) 



where the ratio of B decay amphtudej^ is usually defined to be less than one, 

\A(B-^D^K-)\ ^ ^ 

and the ratio of D decay amplitudes is correspondingly defined by 

. (136) 

|.4(C'>^/)| 

The strong phase differences between the B and D decay amplitudes are given by 6b and 6d, 
respectively. The values of r^j and 6^ depend on the final state /: for the GLW analysis, td = 1 
and 6d is trivial (either zero or tt), in the Dalitz plot analysis vd and 6d vary across the Dalitz 
plot, and depend on the D decay model used, for the ADS analysis, the values of and 6d 
are not trivial. 

Note that, for given values of and r^, the maximum size of ^ (at sin (5^ + (^d) = 1) is 
'^tbTd sin (7) / (r^ + rj-,). Thus even for D decay modes with small ru, large asymmetries, and 
hence sensitivity to 7, may occur for B decay modes with similar values of tb- For this reason, 
the ADS analysis of the decay B^ — )■ Dtt^ is also of interest. 

In the GLW analysis, the measured quantities are the partial rate asymmetry, and the 
charge averaged rate, which are measured both for CP-even and CP-odd D decays. The former 
is defined as 

_ 2T{B-^DcpK-) 

- T{B-^DOK-) ■ ^^^^^ 
It is experimentally convenient to measure Rcp using a double ratio, 

P T{B-^DcpK-) /T{B-^D^K-) 
- T{B-^Dcp7r-) /T{B-^D^n-) 

that is normalised both to the rate for the favoured K^-k^ decay, and to the equivalent 

quantities for B^ — )■ Dti^ decays (charge conjugate modes are implicitly included in Eq. fll37p 
and f ll38p ). In this way the constant of proportionality drops out of Eq. (I133p . Eq. fll38p is exact 
in the limit that the contribution of the 6 — )• m decay amplitude to B~ — )■ Dvr^ vanishes and 
when the fiavour-specific rates F {B~ — )■ D^h^) {h = tt, K) are determined using appropriately 
flavour-specific D decays. In reality, the decay D — )■ Kir is invariable used, leading to a small 
source of systematic uncertainty. The direct CP asymmetry is defined as 

, _ r{B-^ DcpK-) - F (i?+ ^ DcpK+) 

F {B- ^ DcpK-) + F (fi+ ^ DcpK+) ' ^ ' 



Note that here we use the notation tb to denote the ratio of B decay amphtudes, whereas in Sec. 14.2.61 
we used, e.g., Rom for a rather similar quantity. The reason is that here we need to be concerned also with D 
decay amplitudes, and so it is convenient to use the subscript to denote the decaying particle. Hopefully, using 
r in place of R will help reduce potential confusion. 
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For the ADS analysis, using a suppressed D ^ f decay, the measured quantities are again 
the partial rate asymmetry, and the charge averaged rate. In this case it is sufficient to measure 
the rate in a single ratio (normalised to the favoured Z) — )■ / decay) since detection systematics 
cancel naturally; the observed quantity is then 

fi„,.Ii£l^l£k£2, (140) 
r(B-^[f]^K-)- 

where inclusion of charge conjugate modes is implied. The direct CP asymmetry is defined as 

. _ T{B-^[fUK-)-TiB+^[f]^K+) 

Since the uncertainty of A ads depends on the central value of -Rads, for some statistical treat- 
ments it is preferable to use an alternative pair of parameters (as discussed in Refs. |250ll251j ) 



T{B-^[J]^K~) r(fi+^[/]^K+) ' ^ ^ 

where there is no inclusion of charge conjugated processes. We use the (-Rads, ^ads) set in our 
compilation. 

In the ADS analysis, there are an additional two unknowns {td and 6d) compared to the 
GLW case. However, the value of can be measured using decays of D mesons of known 
flavour, and Sd can be measured from interference effects in decays of quantum-correlated DD 
pairs produced at the '?/'(3770) resonance. In fact, the most precise information on both r£, and 
Sd currently comes from global fits on charm mixing parameters, as discussed in Sec. 18.11 

In the Dalitz plot analysis, once a model is assumed for the D decay, which gives the values 
of td and So across the Dalitz plot, it is possible to perform a simultaneous fit to the 
and B~ samples and directly extract 7, and 6b- However, the uncertainties on the phases 
depend approximately inversely on r^. Furthermore, tb is positive definite (and small), and 
therefore tends to be overestimated, which can lead to an underestimation of the uncertainty. 
Some statistical treatment is necessary to correct for this bias. An alternative approach is to 
extract from the data the "Cartesian" variables 

(^±, y±) = {ReirBc'^'^^^^), lm{rBe'^'^^^^)) = (r^ cos(5b ± 7), sm{6B ± 7)) • (143) 

These are (a) approximately statistically uncorrelated and (b) almost Gaussian. The pairs of 
variables {x±, y±) can be extracted from independent fits of the B^ data samples. Use of these 
variables makes the combination of results much simpler. 

However, if the Dalitz plot is effectively dominated by one CP state, there will be ad- 
ditional sensitivity to 7 in the numbers of events in the B"^ data samples. This can be 
taken into account in various ways. One possibility is to extract GLW-like variables in ad- 
dition to the {x±,y±) parameters. An alternative proceeds by defining z± = x± + iy± and 
Xq = — J Re[f{si, S2)f*{s2, Si)]dsids2, where Si,S2 are the coordinates of invariant mass 
squared that define the Dalitz plot and / is the complex amplitude for D decay as a func- 
tion of the Dalitz plot coordinates^ The fitted parameters {p^,6^) are then defined by 

p^e''^ =Zi-xo. (144) 



The Xq parameter is closely related to the Ci parameters of the model dependent Dalitz plot analysis 
I252ll253j , and the coherence factor of inclusive ADS- type analyses |254j . integrated over the entire Dalitz plot. 
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Note that the yields of decays are proportional to 1 + (p^)^ — {xq)"^. This choice of variables 
has been used by BABAR in the analysis of B^ — t- DK^ with D — ^ 7r+7r~7r° [255]; for this D 
decay, xq = 0.850. 

The relations between the measured quantities and the underlying parameters are sum- 
marised in Table [23 Note carefully that the hadronic factors and Sb are different, in 
general, for each B decay mode. 

Table 25: Summary of relations between measured and physical parameters in GLW, ADS and 
Dalitz analyses of 5 ^ D^*^K^*\ 





GLW analysis 


Rcp± 


1 + r| ± 2rB cos (Sb) cos (7) 


Acp± 


±2rB sin (Sb) sin (7) / Rcp± 




ADS analysis 


-Rads 


^3 + ^1, + ^tbTd cos {5b + 5d) cos (7) 


^ADS 


2rBrD sin {5b + 5d) sin (7) / i?ADS 




Dalitz analysis {D — )■ K^tt+tt^) 


x± 


tb cos{5b ± 7) 


y± 


rB sm{5B ± 7) 




Dalitz analysis {D — )• 7r"'"7r^7r*^) 


k± ~ ^0 


0^ 


tan~^(lm(z±)/(Re(z±) — Xq)) 



Results from model-dependent Dalitz plot fits tend to suffer from significant uncertainties 
due to the choice of model to describe hadronic effects. This can be obviated by a model- 
independent analysis, in which the Dalitz plot is binned |248[I252|I253] . It is then necessary 
to gain information on effective parameters which describe the average strong phase difference 
between a certain bin and its conjugate (found by reflecting in the symmetry axis of the Dalitz 
plotEfl). Such information can be obtained from interference effects in decays of quantum- 
correlated DD pairs produced at the '?/'(3770) resonance. 

4.3 Common inputs and error treatment 

The common inputs used for rescaling are listed in Table [261 The B^ lifetime {t{B^)), mixing 
parameter (Am^) and relative width difference {ATd/Tij) averages are provided by the HFAG 
Lifetimes and Oscillations subgroup (Sec. [3]). The fraction of the perpendicularly polarised 
component (|v4_|_|^) in 5 — )■ J/tp K*{892) decays, which determines the CP composition in these 
decays, is averaged from results by BABAR [256], Belle [257], CDF [258], DO [77] and LHCb [259] . 
See also HFAG B to Charm Decay Parameters subgroup (Sec. [6|). 

At present, we only rescale to a common set of input parameters for modes with reasonably 
small statistical errors {b — )■ ccs transitions). Correlated systematic errors are taken into 
account in these modes as well. For all other modes, the effect of such a procedure is currently 
negligible. 

•^^Here we restrict the discussion to three-body self conjugate final states such as Kgir^n^ and KgK^K^ , 
though it can be extended to other modes, including four-body final states. 
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Table 26: Common inputs used in calculating the averages. 



r(i?°) (ps) 
Am^ (ps ^) 

Ar,/r, 

A^\\j/i,K*) 



1.519 ±0.007 
0.507 ±0.004 
0.015 ±0.018 
0.213 ±0.008 



As explained in Sec. [H we do not apply a rescaling factor on the error of an average that has 
X^/dof > 1 (unlike the procedure currently used by the PDG |5j). We provide a confidence level 
of the fit so that one can know the consistency of the measurements included in the average, 
and attach comments in case some care needs to be taken in the interpretation. Note that, in 
general, results obtained from data samples with low statistics will exhibit some non-Gaussian 
behaviour. We average measurements with asymmetric errors using the PDG [S] prescription. 
In cases where several measurements are correlated {e.g. Sj and in measurements of time- 
dependent CP violation in B decays to a particular CP eigenstate) we take these into account in 
the averaging procedure if the uncertainties are sufficiently Gaussian. For measurements where 
one error is given, it represents the total error, where statistical and systematic uncertainties 
have been added in quadrature. If two errors are given, the first is statistical and the second 
systematic. If more than two errors are given, the origin of the additional uncertainty will be 
explained in the text. 
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4.4 Time-dependent asymmetries in 6 — >^ ccs transitions 

4.4.1 Time-dependent CP asymmetries in 6 — >^ ccs decays to CP eigenstates 

In the Standard Model, the time-dependent parameters for b ccs transitions are predicted 
to be: Sb^ccs = — ?7sin(2/3), Cb->ccs = to very good accuracy. The averages for —rjSh^ccs and 
Cb^ccs are provided in Table |271 The averages for —rjSb^ccs are shown in Fig. [131 

Both BABAR and Belle have used the r] = -1 modes J/ipK'^, tp{2S)K'^, XaK^ and rj^-K^ as 
well as J/ipK^, which has 1] = +1 and J/tp K*^{892), which is found to have 1] close to +1 based 
on the measurement of \Aj_\ (see Sec. 14. 3p . The most recent Belle result does not use rjcK^ or 
J/^K*^{892). ALEPH, OPAL, CDF and LHCb have used only the J/^/jK'^s ^nal state. BABAR 
have also determined the CP-violation parameters of the B" — )■ XcqK^ decay from the time- 
dependent Dalitz plot analysis of B° — t- 7T^7i~Kg (see subsection 14.6.21) . In addition. Belle have 
performed a measurement with data accumulated at the T{5S) resonance, using the J/ipK^ 
final state - this involves a different flavour tagging method compared to the measurements 
performed with data accumulated at the T(45') resonance. A breakdown of results in each 
charmonium-kaon final state is given in Table [23 

Table 27: Sb^ccs and Cb^ccs- 



Experiment 




Sample 


size 






BABAR 


|260| 


iV(BB) = 


465M 


0.687 ±0.028 ±0.012 


0.024 ±0.020 ±0.016 


BABAR XcqKI 


|215| 


iV(BB) = 


383M 


0.69 ±0.52 ±0.04 ±0.07 


-0.29+1]:^^ ±0.03 ±0.05 


BABAR J/i)Kl (*) 


|261| 


iV(BB) = 


: 88M 


1.56 ±0.42 ±0.21 




Belle 


|262j 


N{BB) = 


722M 


0.667 ±0.023 ±0.012 


-0.006 ±0.016 ±0.012 


B factory avera^ 


le 






0.679 ±0.020 


0.005 ±0.017 


Confidence level 








0.28 


0.47 


ALEPH 


|263| 






0.84 ±0.16 




OPAL 


|264| 






3.2:^^-^±0.5 




CDF 


|265| 






79 +°-^^ 

' ^ -0.44 




LHCb 


|266| 


0.035 fb"^ 


0.53 to^2l ± 0.05 




Belle r(55) 


|267j 


121 fb 




0.57 ±0.58 ±0.06 




Average 








0.679 ±0.020 


0.005 ±0.017 



* This result uses "hadronic and previously unused muonic decays of the J/il^" ■ We neglect a small 
possible correlation of this result with the main BABAR result [260] that could be caused by reprocessing 
of the data. 

It should be noted that, while the uncertainty in the average for —rjSb^ccs is still limited by 
statistics, that for Cb^ccs is close to being dominated by systematics. This occurs due to the 
possible effect of tag side interference on the Cb^css measurement, an effect which is correlated 
between the different experiments. Understanding of this effect may continue to improve in 
future, allowing the uncertainty to reduce. 

From the average for —rjSb^ccs above, we obtain the following solutions for /3 (in [0, vr]): 

/3 = (21.4 ±0.8)° or /3 = (68.6 ± 0.8)° (145) 
In radians, these values are /3 = (0.375 ± 0.014), /3 = (1.197 ± 0.014). 
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Table 28: Breakdown of B factory results on Sb^ccs and Ch-^ca 



Mode 




N{BB) 












BABAR 






|260| 


465M 


0.657 ± 0.036 ± 0.012 


0.026 ± 0.025 ± 0.016 




|260| 


465M 


0.694 ± 0.061 ± 0.031 


-0.033 ± 0.050 ± 0.027 




|2oUj 


4D5JVi 


0.666 ± 0.031 ± 0.013 


0.016 ± 0.023 ± 0.018 


ilj{2S)Kl 




465M 


0.897 ± 0.100 ± 0.036 


0.089 ± 0.076 ± 0.020 




|260j 


465M 


0.614 ± 0.160 ± 0.040 


0.129 ± 0.109 ± 0.025 




|260| 


465M 


0.925 ± 0.160 ± 0.057 


r\ r\r\r\ i r\ r\ A i r\ r\r\r\ 

0.080 ± 0.124 ± 0.029 


J/-?/; A ^^(892) 


|260j 


4d5M 


0.601 ± 0.239 ± 0.087 


0.025 ± 0.083 ± 0.054 


A 11 

All 


|2DL)j 


4d5M 


0.687 ± 0.028 ± 0.012 


(\ r\r\ A 1 (\ C\c\f\ 1 r\ m /■ 

0.024 ± 0.020 ± 0.016 








TT) 11 

Belle 






|262j 


722M 


0.670 ± 0.029 ± 0.013 


0.015 ± 0.021 Io;o45 




|262j 


722M 


0.642 ± 0.047 ± 0.021 


-0.019 ± 0.026 _o;oi7 




|262j 


722M 


0.738 ± 0.079 ± 0.036 


—0.104 ± 0.055 _o;o47 




|262j 


722M 


0.640 ± 0.117 ± 0.040 


f\ r\i ''7 1 f\ r\oo -l-0.02o 

0.017 ± 0.083 _o.o46 


A 11 

All 




1 ZZiS/L 


U.oo/ ± U.Uzo ± U.Uiz 


— U.UUo ± U.UiO ± U.Uiz 








Averages 










0.665 ±0.024 


0.024 ±0.026 


Jl^Kl 






0.663 ±0.041 


-0.023 ±0.030 








0.807 ±0.067 


-0.009 ±0.055 








0.632 ±0.099 


0.066 ± 0.074 



This result gives a precise constraint on the (p, rf) plane, as shown in Fig. [131 The measure- 
ment is in remarkable agreement with other constraints from CP conserving quantities, and 
with CP violation in the kaon system, in the form of the parameter e^^. Such comparisons have 
been performed by various phenomenological groups, such as CKMfitter |225] and UTFit [268]. 

4.4.2 Time- dependent transversity analysis of — >■ J/%l>K*^ 

B meson decays to the vector- vector final state J/ipK*^ are also mediated by the b — )■ ccs 
transition. When a final state which is not flavour-specific [K*^ — )■ K^n^) is used, a time- 
dependent transversity analysis can be performed allowing sensitivity to both sin(2/3) and 
cos(2/9) |269] . Such analyses have been performed by both B factory experiments. In principle, 
the strong phases between the transversity amplitudes are not uniquely determined by such 
an analysis, leading to a discrete ambiguity in the sign of cos(2/3). The BABAR collaboration 
resolves this ambiguity using the known variation |270j of the P-wave phase (fast) relative to 
the S-wave phase (slow) with the invariant mass of the Kir system in the vicinity of the K* (892) 
resonance. The result is in agreement with the prediction from s quark helicity conservation, 
and corresponds to Solution 11 defined by Suzuki |271] . We use this phase convention for the 
averages given in Table |29l 

At present the results are dominated by large and non-Gaussian statistical errors, and 
exhibit significant correlations. We perform uncorrelated averages, the interpretation of which 
has to be done with the greatest care. Nonetheless, it is clear that cos (2/3) > is preferred by 
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sin(2P) = sin(2(|)j) 



H FAG 



iMoriond 2012 
PRELIMINARY 



BaBar 

PRO 79 (2009) 


072009 






0.69 ±0.03 ±0.01 


BaBar Xol^s 
PRO 80 (2009) 








1 0.69 ±0.52 ±0.04 ±0.07 


112001 








BaBar (h^idronic) Ko 






1^ ^ 1.f6± 0.42 ±0.21 


PRD 69 (2004)1052001 








Belle i 

PRL 108 (2012) 171802 






0.67 ±0.02 ±0.01 


ALEPH 








1 0.84 *? g± 0.16 


PLB 492, 259 (2000) 








OPAL 








1 3.20 *lm ± 0.50^ 


EPJ C5, 379 (1998) 








CDF 








0.79 til 


PRO 61 , 0720Q5 (2000) 








LHCb 








0.53 *oil ± 0.05 


LHCb-CONF-201 1-004 








BelleSS 








1 0.57 ±0.58 ±0.06 


PRL 108 (2012) 171801 








Average 

HFAG 








0.68 ±0.02 



HFAG 



-2 




Figure 13: (Left) Average of measurements of Sb^ccs- (Right) Constraints on the (p, r]) plane, 
obtained from the average of —riSb^ccs and Eq. 11451 



Table 29: Averages from 5° — )■ J/ipK*^ transversity analyses. 



Experiment N{BB) sin 2/3 cos 2/3 Correlation 

BABAR 88M -0.10 ± 0.57 ± 0.14 3.32+^;^^ ± 0.27 -0.37 

Belle [257] 275M 0.24 ± 0.31 ± 0.05 0.56 ± 0.79 ± 0.11 0.22 

Average 0.16 ±0.28 1.64 ±0.62 uncorrelated averages 

Confidence level 0.61 {0.5a) 0.03 (2.2cr) 



the experimental data in J/ipK*. [BABAR |272] find a confidence level for cos(2/3) > of 89%.] 

4.4.3 Time-dependent CP asymmetries in B° — )■ D*~^ D*~ decays 

Both BaBar [208j and Belle |209] have performed time-dependent analyses of the B^ — )■ 
£)*+£)*- decay, to obtain information on the sign of cos(2/3). More information can be 
found in Sec. 14.2.51 The results are shown in Table |30l and Fig. 

From the above result and the assumption that Js2 > 0, BABAR infer that cos(2/?) > at 
the 94% confidence level [208] . 

4.4.4 Time-dependent analysis of J/'ip4> 

As described in Sec. 14. 2. 3^ time-dependent analysis of B° — )■ J/ip4> probes the CP violating 
phase of B^-Bg oscillations, 0s . Within the Standard Model, this parameter is predicted to 
be smalljf^ The combination of results is performed by the HFAG Lifetimes and Oscillations 

We make the approximation (f>s = 2/3^, where (f>s = arg [-Mi2/ri2] and 2f3s = 2aig[-{VtsV^l)/{VcsV*^)] 
(see Section H?T|) . This is a reasonable approximation since, although the equality does not hold in the Standard 
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Table 30: Results from time-dependent analysis of — )■ D*^D* K^. 



Experiment 


N{BB) 


Jc 

Jn 


^ sin(2/3) 


^ cos(2/3) 


BABAR |208j 


230M 


0.76 ±0.18 ±0.07 


0.10 ±0.24 ±0.06 


0.38 ±0.24 ±0.05 


Belle 


449M 


0.60 ^°:|± 0.08 


-0.17 ±0.42 ±0.09 


-0.23 ^°;^?±0.13 


Average 




0.71 ±0.16 


0.03 ±0.21 


0.24 ±0.22 


Confidence level 




0.63 (O.Scr) 


0.59 (0.5(t) 


0.23 {1.2a) 



2J,i/J„ sin(2P) s 2J,j/J„ sin(2(fj) 



PRELIMINARY 



PRELIMINARY 



BaBar 




-* 




0.76 ±0.1 8 ±0.07 


PRD 74, 091101 (2006 


H 




— H 




Belle 









0.60 ^ola ±0.08 


H 

PRD 76, 072004 (2007 










Average 


^ 






0.71 ±0.16 


HFAG 




t 






0.2 0.4 


0.6 


0.8 


1.2 



BaBar 




-* 


0.10±0.24±0.06 


PRD 74, 091101 (2006) 


I 




H 


Belle II 






-0.17±0.42±0.09 


PRD 76, 072004 (2007) 


k f 






Average 




* 


0.03 ±0.21 


HFAG 









-0.6 -0.4 -0.2 0,2 OA 0.6 0.6 



2J^/J„ cos(2P) = 


23JJ 










PRELIMINARY 


BaBar 







1.38 ±0.24 ±0.05 


PRD 74, 091101 (2006) 


\— 




1 


Belle II ^ 






-0.23 !o,3?±0.13 


PRD 76, 072004 (2007) 


H 






Average 


-t 




0.24 ±0.22 


HFAG 
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0.3 


0,4 


0.6 o.a 



Figure 14: Averages of (left) {Jc/Jo), (middle) (2J,i/ Jq) sin(2/3) and (right) (2 J.a/^o) cos(2/3) 
from time-dependent analyses of B^ — )■ D*^ D*~ decays. 



group, see Sec. [31 



Model |91) , both are much smaher than the current experimental resolution, whereas new physics contributions 
add a phase ^np to (ps and subtract the same phase from 2/3^ , so that the approximation remains valid. 
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4.5 Time-dependent CP asymmetries in colour-suppressed h — )- cud 
transitions 

Decays of B mesons to final states such as D-k^ are governed by 6 — ?■ cud transitions. If the final 
state is a CP eigenstate, e.g. Dcp'n^ , the usual time- dependence formulae are recovered, with 
the sine coefficient sensitive to sin(2/3). Since there is no penguin contribution to these decays, 
there is even less associated theoretical uncertainty than for h — ccs decays like B — )■ J/ipK^. 
Such measurements therefore allow to test the Standard Model prediction that the CP violation 
parameters in 6 — > cud transitions are the same as those in 6 — )■ ccs |273] . 

Note that there is an additional contribution from CKM suppressed b — )■ ucd decays. The 
effect of this contribution is small, and can be taken into account in the analysis |274[l275j . 

Results of such an analysis are available from BABAR |276j . The decays B^ — )■ Dir^, B^ — )■ 
Dt], B° Duj, B° -)■ D*Ti° and B° D*r] are used. The daughter decay D* Dn^ is 
used. The CP-even D decay to K^K~ is used for all decay modes, with the CP-odd D decay 
to K'loj also used in 5° — t- D^*^tx^ and the additional CP-odd D decay to K^ti^ also used in 
B^ — 7- Du. Results are presented separately for CP-even and CP-odd D^*'^ decays (denoted 
D^^h'^ and D^*^h^ respectively), and for both combined, with the different CP factors accounted 
for (denoted D'^ph^). The results are summarised in Table [3T1 

Table 31: Results from analyses of 5° D^*^h'^, D — )■ CP eigenstates decays. 



Experiment 




N{BB) 


Sep 


Ccp 


Correlation 














BABAR 




383M 


-0.65 ±0.26 ±0.06 


-0.33 ±0.19 ±0.04 


0.04 














BABAR 


|276| 


383M 


-0.46 ±0.46 ±0.13 


-0.03 ±0.28 ±0.07 


-0.14 


BABAR 


|276| 


383M 


-0.56 ±0.23 ±0.05 


-0.23 ±0.16 ±0.04 


-0.02 



When multibody D decays, such as D — )■ K^ir^Tr^ are used, a time-dependent analysis of 
the Dalitz plot of the neutral D decay allows a direct determination of the weak phase: 2/3. 
( Equivalent ly, both sin(2/3) and cos(2/3) can be measured.) This information allows to resolve 
the ambiguity in the measurement of 2/3 from sin(2/3) |277] . 

Results of such analyses are available from both Belle |205] and BABAR |206] . The decays 
B -)■ P)7r°, B -)■ Dr], B Deo, B P)*7r° and B D*ri are used. [This collection of states 
is denoted by D^*^h^.] The daughter decays are D* — )■ Dn^ and D — )■ KgTf^n^. The results 
are shown in Table [321 and Fig. [151 Note that BABAR quote uncertainties due to the D decay 
model separately from other systematic errors, while Belle do not. 

Again, it is clear that the data prefer cos(2/3) > 0. Indeed, Belle |205] determine the sign 
of cos(20i) to be positive at 98.3% confidence level, while BABAR |206] favour the solution of 
(3 with cos(2/3) > at 87% confidence level. Note, however, that the Belle measurement has 
strongly non-Gaussian behaviour. Therefore, we perform uncorrelated averages, from which 
any interpretation has to be done with the greatest care. 
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Table 32: Averages from — ^ D^*^h^, D Ksn^n analyses. 



Experiment N{BB) 


sin 2/3 


cos 2/3 




BABAR |^06| 383M 


0.29 ±0.34 ±0.03 ±0.05 


0.42 ±0.49 ±0.09 ±0.13 


1.01 ±0.08 ±0.02 


Belle \'20h\ 386M 


0.78 ±0.44 ±0.22 


1 Q7 +0.40 +0.22 
-0.53 -0.32 




Average 


0.45 ± 0.28 


1.01 ±0.40 


1.01 ±0.08 


Confidence level 


0.59 (O.Scr) 


0.12 (l.Bcr) 





D**V sin(2P) = sin(2(t>^) 



HFAG 



BaBar 



PRL 99, 231802 (! 007) 



Belle 



PRL 97, 081801 (^006) 

Average 

HFAG 



I-+- 



I LP 2007 
PRELIMINARY 

0.29 ±0.34 ±0.03 ±0.05 



0.78 ±0.44 ±0.22 

* H 



0.45 ± 0.28 
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D**^h" cos(2p) = cos(2([>j) 



HFAG 



BaBar 



PRL 99, 231802 (200f) 

Bellei 

PRL 9?, 081801 (200^) 

Average 

HFAGi 



I LP 2007 
PRELIMINARY 

0.^2 ±0.49 ±0.09 ±0.1 3 



I-+ 



1 0-7 +0.40 +0.22 
1^' -0.53 -0^3| 
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Figure 15: Averages of (left) sin(2/3) and (right) cos(2/3) measured in colour-suppressed b — )■ cud 
transitions. 
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4.6 Time-dependent CP asymmetries in charmless h qqs transi- 
tions 

The flavour changing neutral current h ^ s penguin can be mediated by any up-type quark in 
the loop, and hence the amplitude can be written as 

Afe^, = F^v^ry:s + FcV,^v:, + FtVtiy:, 

= (F^-FJK^K*, + {F, - F,)V,,V:, (146) 
0(A4) + 0(A2) 

using the unitarity of the CKM matrix. Therefore, in the Standard Model, this amplitude is 
dominated by VtbV*^, and to within a few degrees (5/3^2° for (3 ~ 20°) the time-dependent 
parameters can be writterjfll S^^q-qg ~ —r]sm{2(5)^ Cb^qqs ~ 0, assuming h ^ s penguin contri- 
butions only (g = m, d, s). 

Due to the large virtual mass scales occurring in the penguin loops, additional diagrams 
from physics beyond the Standard Model, with heavy particles in the loops, may contribute. In 
general, these contributions will affect the values of Sb^qgg and Cb^qqs- A discrepancy between 
the values of Sb^ccs and Sb^qgs can therefore provide a clean indication of new physics \273\ 

[27SH2Sn]. 

However, there is an additional consideration to take into account. The above argument 
assumes only the b —> s penguin contributes to the b — > qqs transition. For q = s this is a 
good assumption, which neglects only rescattering effects. However, for q = u there is a colour- 
suppressed b ^ u tree diagram (of order (9(A^)), which has a different weak (and possibly 
strong) phase. In the case q = d, any light neutral meson that is formed from dd also has 
a uu component, and so again there is "tree pollution". The decays to T^'^Kg, Kg and 
ojKg belong to this category. The mesons 0, /o and rj' are expected to have predominant 
ss parts, which reduces the relative size of the possible tree pollution. If the inclusive decay 

— )■ K^K~K^ (excluding (pK'^) is dominated by a nonresonant three-body transition, an 071- 
rule suppressed tree-level diagram can occur through insertion of an ss pair. The corresponding 
penguin-type transition proceeds via insertion of a uu pair, which is expected to be favoured 
over the s's insertion by fragmentation models. Neglecting rescattering, the final state K^K^K^ 
(reconstructed as K^K^gK^^) has no tree pollution |281] . Various estimates, using different 
theoretical approaches, of the values of AS* = Sb^qqs — Sb^ccs exist in the literature |282H295j . 
In general, there is agreement that the modes ^-ftT", rj'K^ and K^K^K^ are the cleanest, with 
values of [AS"! at or below the few percent level (AS* is usually positive). 

4.6.1 Time-dependent CP asymmetries: b — >■ qqs decays to CP eigenstates 

The averages for —rjSb^qqs and Cb^qqs can be found in Table [331 and are shown in Figs. [16], [IT] 
and [iHl Results from both BABMi and Belle are averaged for the modes rj'K^ [K^ indicates 
that both K^g and are used) K^KlKl, ti^K^ and ujK% Results on (pK^ and K+K-K^ 
(implicitly excluding (pK^ and foK^) are taken from time-dependent Dalitz plot analyses of 

The presence of a small (©(A^)) weak phase in the dominant amplitude of the s penguin decays intro- 
duces a phase shift given by Sb^qqs = — »7sin(2/3) • (1 + A). Using the CKMfitter results for the Wolfenstein 
parameters |225j . one finds: A ~ 0.033, which corresponds to a shift of 2/3 of +2.1 degrees. Nonperturbative 
contributions can alter this result. 

^® Belle [296] include the tt^K'^ final state in order to improve the constraint on the direct CP violation 
parameter; these events cannot be used for time-dependent analysis. 
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K~ Kg] results on p° K'^, fxKg and TT~^7T~Kg nonresonant are taken from time- 

dependent Dalitz plot analyses of 7r~^n~Kg (see subsection 14.6.21) . The results on foK^ are 
from combinations of both Dalitz plot analyses. BABAR also has presented results with the final 
states 7r07r°iroH and 0KO7r°. 

Of these final states, (pK^, rj'K^^ 7r°_K'g, p^K^ uoK^ and foK^^ have CP eigenvalue r] = —1, 
while 0/s:°, r/'if°, KlKlK^, foK% f2K% /xi^°S ■k'^-k^KI and -k+ti-KI nonresonant have rj = 
+1. The final state K^K~K^ (with ipK^ and foK^ implicitly excluded) is not a CP eigenstate, 
but the CP-content can be absorbed in the amplitude analysis to allow the determination of a 
single effective 5* parameter. (In earlier analyses of the K^K~K^ final state, its CP composition 
was determined using an isospin argument [298j and a moments analysis [299].) 

The final state (pK^TT^ is also not a CP-eigenstate but its CP-composition can be determined 
from an angular analysis. Since the angular parameters are common to the P° — )■ (pK^Ti^ and 
P" — )■ (j)K~^7i~ decays (because only Ktt resonance contribute), BABAR perform a simultaneous 
analysis of the two final states ^30^ (see subsection 14.6.31) . 

It must be noted that Q2B parameters extracted from Dalitz plot analyses are constrained 
to lie within the physical boundary {S^p + Cl<p < 1) and consequently the obtained errors 
are highly non-Gaussian when the central value is close to the boundary. This is particularly 
evident in the BABAR results for P° — JqK^ with /q — vr+vr" [215] . These results must be 
treated with extreme caution. 

As explained above, each of the modes listed in Table 1331 has different uncertainties within 
the Standard Model, and so each may have a different value of —rjSb^qqs- Therefore, there 
is no strong motivation to make a combined average over the different modes. We refer to 
such an average as a "naive s-penguin average." It is naive not only because of the neglect 
of the theoretical uncertainty, but also since possible correlations of systematic effects between 
different modes are neglected. In spite of these caveats, there remains substantial interest in the 
value of this quantity, and therefore it is given here: {—rjSb^ggs) = 0.64 ±0.03, with confidence 
level 0.74 (0.3cr). This value is in agreement with the average —rjSb^ccs given in Sec. 14.4.11 (The 
average for C^^q-qs is (Cb^qgs) = —0.01 ±0.03 with confidence level 0.74 (0.3(t).) We emphasise 
again that we do not advocate the use of these averages, and that the values should be treated 
with extreme caution, if at all. 

From Table |33] it may be noted that the averages for —rjSb^qqs in 4>Kg, rj'K'^, foK^ and 
K^K~Kg are all now more than 5a away from zero, so that CP violation in these modes can 
be considered well established. There is no evidence (above 2cr) for direct CP violation in any 
b — )■ qqs mode. 

4.6.2 Time-dependent Dalitz plot analyses: B° K+K K^ and tt+tt-R^ 

As mentioned in Sec. 14.2.51 and above, both BABAR and Belle have performed time-dependent 
Dalitz plot analysis of B" — )■ K^K~K^ and B^ — )■ h^tt'K^ decays. The results are summarised 
in Tabs. [35] and [361 Averages for the B° — )■ decay, which contributes to both Dalitz plots, 
are shown in Fig. [191 Results are presented in terms of the effective weak phase (from mixing 
and decay) difference fi^^ and the direct CP violation parameter A {A= — C) for each of the 
resonant contributions. Note that Dalitz plot analyses, including all those included in these 

We do not include a preliminary result from Belle [297] . which remains unpublished after more than two 
years. 

The /x is assumed to be spin even. 
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Table 33: Averages of —rjSh^qqs and Cb-^qqs- 



Experiment N(BB) 



^Sb—>-qqs 



b^qqs 



Correlation 







BABAR [212] 
Belle [2TT] 
Average 



470M 0.66 ±0.17 ±0.07 
657M 0.90 toil 

0.74: ' 



0.05 ±0.18 ±0.05 
-0.04 ±0.20 ±0.10 ±0.02 



hO.ll 
-0.13 



0.01 ±0.14 



uncorrelated averages 



r]'K' 







BABAR [300] 
Belle [5(JT] 
Average 

Confidence level 



467M 
535M 



0.57 ±0.08 ±0.02 
0.64 ±0.10 ±0.04 
0.59 ±0.07 



-0.08 ±0.06 ±0.02 
0.01 ±0.07 ±0.05 
-0.05 ±0.05 



0.03 
0.09 
0.04 



0.63 (0.5O-) 



BABAR [302] 
Belle [301] 
Average 

Confidence level 



468M 
535M 



0.94 +°:^i±0.06 
0.30 ± 0.32 ± 0.08 
0.72 ±0.19 

0.26 



-0.17 ±0.18 ±0.04 
-0.31 ±0.20 ±0.07 
-0.24 ±0.14 



0.16 
0.09 



l.la) 



BABAR 
Belle 
Average 

Confidence level 



467M 
657M 



0.55 ±0.20 ±0.03 
0.67 ±0.31 ±0.08 
0.57 ±0.17 



0.13 ±0.13 ±0.03 
-0.14 ±0.13 ±0.06 
0.01 ±0.10 



0.06 
-0.04 
0.02 



0.37 (0.9O-) 



BABAR [215 
Belle [2T6 
Average 



383M 
657M 



0.35 
0.64 



-t-0.26 
-0.31 
-t^O.19 



± 0.06 ± 0.03 -0.05 ± 0.26 ± 0.10 ± 0.03 



0.25 ± 0.09 ± 0.10 -0.03 toil ± 0.11 ± 0.10 



0.54 



hO.18 
-0.21 



-0.06 ±0.20 



uncorrelated averages 



BABAR [300 
Belle ^ 
Average 
Confidence level 



467M 
535M 



0.55 1|]:|±0.02 
0.11 ±0.46 ±0.07 
0.45 ± 0.24 



-0.52 1°J2± 0.03 
0.09 ± 0.29 ± 0.06 
-0.32 ±0.17 



0.03 
-0.04 
0.01 



0.18 (1.3cj) 



BABAR [2T21I2I5 
Belle [2Tn[2T6 
Average 



0.74 



h0.12 
-0.15 

0.63;°;},^ 

0.69 ^°;}° 



foK' 



0.15 ±0.16 
0.13 ±0.17 
0.14 ±0.12 



uncorrelated averages 



/2^° 



BABAR [2T5 



383M 



0.48 ± 0.52 ± 0.06 ± 0.10 0.28 tolo ± 0.08 ± 0.07 



BABAR [2l5 



383M 0.20 ± 0.52 ± 0.07 ± 0.07 0.13 toM ± 0-04 ± 0.09 



averages, often suffer from ambiguous solutions - we quote the results corresponding to those 
presented as solution 1 in all cases. Results on flavour specific amplitudes that may contribute 
to these Dalitz plots (such as K*^7i~) are averaged by the HFAG Rare Decays subgroup (Sec. [7]). 
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Table 34: Averages of —rjSh^qqs and Ch^qqs (continued). 



Experiment 




il^b^qqs ^b^qqs 


Correlation 












BABAR 


|303j 


227M 


—0.72 ± 0.71 ± 0.08 0.23 ± 0.52 ± 0.13 


—0.02 












nABAR 


iQH/i 1 


4o5M 


0.97lo.52 —0.20 ± 0.14 ± 0.06 










7r~'~7r nonresonant 




BABAR 


|215| 


383M 


0.01 ± 0.31 ± 0.05 ± 0.09 0.01 ± 0.25 ± 0.06 ± 0.05 














BABAR 


|212| 


470M 


0.65 ±0.12 ±0.03 0.02 ± 0.09 ± 0.03 




Belle 


m 


657M 


0.76^1]:}^ 0.14 ±0.11 ±0.08 ±0.03 




Avera^ 


re 




0.68^2:?^ 0.06 ±0.08 


uncorrelated averages 



4.6.3 Time-dependent analyses of (pK^Tz^ 

The final state in the decay (pK^n^ is a mixture of CP-even and CP-odd amplitudes. 

However, since only (pK*^ resonant states contribute (in particular, 0i^*°(892), (f)KQ^{lA30) and 
(j)K2^[14:30) are seen), the composition can be determined from the analysis of -B — t- (pK^n^ , 
assuming only that the ratio of branching fractions B{K*^ — > KgTT^)/B{K*^ — )■ K^n") is the 
same for each exited kaon state. 

BABAR [304] have performed a simultaneous analysis of B^ — )■ (pK^ir^ and B^ — )■ (pK^n^ 
that is time- dependent for the former mode and time-integrated for the latter. Such an anal- 
ysis allows, in principle, all parameters of the 5° — )■ (pK*^ system to be determined, including 
mixing-induced CP violation effects. The latter is determined to be A0oo = 0.28 ± 0.42 ± 0.04, 
where A0oo is half the weak phase difference between and decays to 0-K'q°(143O). 
As discussed above, this can also be presented in terms of the quasi-two-body parameter 
sin(2/3QQ) = sin(2/3 ± 2A0oo) = 0.971q;52. The highly asymmetric uncertainty arises due to 
the conversion from the phase to the sine of the phase, and the proximity of the physical 
boundary. 

Similar sin(2/9''^) parameters can be defined for each of the helicity amplitudes for both 
(pK*^{892) and 0i^2°(143O). However, the relative phases between these decays are constrained 
due to the nature of the simultaneous analysis of 5° — )• cpK^ir^ and B^ — >■ (pK~^7T~ , and therefore 
these measurements are highly correlated. Instead of quoting all these results, BABAR provide 
an illustration of their measurements with the following differences: 

(147) 
(148) 
(149) 
(150) 
(151) 

where the first subscript indicates the helicity amplitude and the second indicates the spin of 
the kaon resonance. For the complete definitions of the A6 and A(p parameters, please refer to 
the BABAR paper 



sin(2/3 


- 2A5oi) 


-sin(2/3) = 


^■^'^ -0.34 


sin (2/3 


- 2A0||i) 


-sin(2/3) = 


fl qo +0.22 
^■'^'^ -0.30 


sin (2/3 - 


- 2A0xi) 


-sin(2/3) = 


^■"^^ -0.32 


sin(2/3 - 2A0xi) 


- sin(2/3 


-2A0||i) = 


0.02 ±0.23 


sin (2/3 


- 2A5o2) 


-sin(2/3) = 


-0 in +0-18 

U-J-U _o.29 
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Table 35: Results from time-dependent Dalitz plot analysis of the — )■ K'^K decay. Correlations (not shown) are taken into 
account in the average. 



Experiment 


N{BB) 
















(°) 


A 


pee (o) 


A 


13'='' (°) A 


babar 1212] 


470M 


21±6±2 


-0.05 ±0.18 ±0.05 


18±6±4 


-0.28 ±0.24 ±0.09 


20.3 ±4.3 ±1.2 -0.02 ±0.09 ±0.03 


BcUc [TO] 


657M 


32.2 ± 9.0 ± 2.6 ± 1.4 


0.04 ±0.20 ±0.10 ±0.02 


31.3 ±9.0 ±3.4 ±4.0 


-0.30 ±0.29 ±0.11 ±0.09 


24.9 ± 6.4 ± 2.1 ± 2.5 -0.14 ± 0.11 ± 0.08 ± 0.03 


Average 




24 ±5 


-0.01 ±0.14 


22 ±6 


-0.29 ± 0.20 


21.6 ±3.7 -0.06 ±0.08 



Confidence level 0.93 (O.lfr) 



Table 36: Results from time-dependent Dalitz plot analysis of the — )■ tt+tt decay. Correlations (not shown) are taken into 
account in the average. 



Experiment N{BB) 


A 


(5^^ A 


BABAR |215| 383M 
Belle |216j 657M 


(10.2 ± 8.9 ± 3.0 ± 1.9)° 0.05 ± 0.26 ± 0.10 ± 0.03 
(20.0 ± 3.2 ± 3.5)° 0.031^:24 ± 0.11 ± 0.10 


(36.0 ± 9.8 ± 2.1 ± 2.1)° -0.08 ± 0.19 ± 0.03 ± 0.04 
(12.71^;^ ± 2.8 ± 3.3)° -0.06 ± 0.17 ± 0.07 ± 0.09 


Average 


16.4 ±6.8 0.06 ±0.20 


20.6 ±6.2 -0.07 ±0.14 



Confidence level 0.39 (0.9cr) 



Experiment 


N{BB) 


f2Kl 












A 


P""^ A 


BABAR |215] 


383M 


(14.9 ±17.9 ±3.1 ±5.2)° -0.28 


l[!:3g ± 0.08 ± 0.07 


(5.8 ± 15.2 ± 2.2 ± 2.3)° -0.13 toU ± 0.04 ± 0.09 



Experiment 


N{BB) 




B0^7^^ 


TT i^Tg nonresonant 


XcoKl 












A 




A 


BABAR |215] 


383M 


(0.4 ±8 


.8± 1.9±3.^ 


^)° -0.01 ±0.25 ±0.06 ±0.05 


(23.2 ±22.4 ±2.3 ±4.2)° 0.29; 


toit ± 0.03 ± 0.05 



Direct CP violation parameters for each of the contributing hehcity amphtudes can also be 
measured. Again, these are determined from a simultaneous fit of — )■ (pK^ir^ and — > 
(j)K~^7T~, with the precision being dominated by the statistics of the latter mode. Direct CP 
violation measurements are tabulated by HFAG - Rare Decays (Sec. [7]). 

4.6.4 Time-dependent CP asymmetries in — >■ K~^K~ 

The decay B^ K^K" involves a 6 — )■ uus transition, and hence has both penguin and tree 
contributions. Both mixing-induced and direct CP violation effects may arise, and additional 
input is needed to disentangle the contributions and determine 7 and . For example, the 
observables in B^ — )■ tt+tt" can be related using U-spin, as proposed by Fleischer (305] . 

The observables are Amix = Sep, A^^^. = —Ccp, and A^r- They can all be treated as 
free parameters, but are physically constrained to satisfy A'^^^ + A'^^^. + = 1. Note that 
the untagged decay distribution, from which an "effective lifetime" can be measured, retains 
sensitivity to A at- Averages of effective lifetimes are performed by the HFAG Lifetimes and 
Oscillations group, see Sec. |3l 

The observables in B^ — )■ K^K~ have been measured by LHCb, who impose the constraint 
mentioned above to eliminate Aaf- 

Table 37: Results from time-dependent analysis of the 5° — )■ K^K^ decay. 



Experiment 


Sample size 


A . 
^mix 




Correlation 


LHCb |306j 


0.7 fb"^ 


0.17 ±0.18 ±0.05 


0.02 ±0.18 ±0.04 


-0.10 
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sin(2p^^^) = sin(2(|)f ^) 



HFAG 



iMoriond 2012 
PRELIMINARY 



World Average 

BaBar 

Belle 
Average 
BaBar" " 
Belle 
Average 
BaBar" " 
Belle 
Average 
BaBar" " 
Belle 
Average 
BaBar" " 
Belle 
Average 
BaBar" " 
Belle 
Average 
BaBar" " 
Belle 
Average 
BaBar" " 
Average 
BaBar" " 
Average 
Baeat " 



» Atefag* 

^ BaBar 
°K Average 
"-e- " BaBar" " 
o Average 
^ " BaBar" " 
^ Belle 
+ Average 
^^" " "Average" 



0.68 ±0.02 
"O."66±0;i7±"0.07" 

0.90 *2;2 

0.74 ill 
"0.^7 ± 0;0g ±" 0.02" 
0.64 ±0.10 ±0.04 
0.59 ± 0.07 

■ o:9"4 -fll ± am' 

0.30 ±0.32 ±0.08 
0.72 ±0.1 9 
"0.^5 ± 0;20 ± 0.03" 
0.67 ±0.31 ±0.08 
0.57 ±0.17 
(!.35"!p g ± 0;0S ± 0.03 



0.64 till ± 0.09 ± 0.1 Q 

" ' 0:55 oil ±0.02" 
; 0.11 ±0.46 ±0.07 
; 0.45 ±0.24 

0.63 *2 ,9 
0.69 is 

-ft4B ± 0.52 ± 0;0B ± O.TO" 
—J 0.48 ± 0.53 

"0.21b "±D.52 ± 0;07 ± 0.07" 
! 0.20 ± 0.53 

" " r " -J).72 ± 0;7T ± 0.08" 
-0.72 ± 071 

ts 

0.97 ti 

"o:Oi "±^).^i ±o;o5±"o.o9" 

: 0.01 ±0.33 

-fflpj" " : " T)."65±0;i2±"OjO3" 

Hit" ■ oils 

" " " " " ' 0;68 ± 0.07" 



-4 " 



-1 



1 



— : BaBai — 
Belle : 
Average 
= " " BaBat " 
^ Belle ■ 
V Averabe 
" " " BaBac 
Belle ; 
Average 
= " " BaBar 
^ Belle : 

Average 
" " " BaBar " 
Belle ■ 
Average 



^ Belle . 
3 Average 

" "„ BaBaf" 

^ Belle : 
»-= Average 

"^"" BaBaf " 

™ Average 
' s^ "" " BaBar^" 
X J/' Average 
-^-^ " BaBarr 
</) K Average 
- ^'Id ' BaBar: " 
°K 'z. Average 
" «-" " ")" BaBat " 
„ ^ Average 
BaBaf 
% Belle ; 
+ ^ Average 
; Average 




HFAG 



iMorlQnd 2012 
PRELIMINARY 
0.05 ± : 0. I 8±0.05 
0.20 ±0.10 ±0.02 
; 0.01 ±0.14 

-0:08"± 0.06 ±0:02" 

0.01 ±0.07 ±0.05 
: -0.05 ± 0.05 

-0:1"7"±0:18±0:0"4" 

-0.31 ±0.20 ±0.07 
; -0.24 ±0.14 

0:13"±0:13 ±0:03" 

-0.14 ±0.13 ±0.06 
: 0.01 ±0.10 
■0.05 ±0^"±0:10 ±0:03" 
-0.03 tfg±0.11 ±0.10 

■ -0.06 ± 0.20 
-0.52 S ±0:03" 

0.09 ± 0.25 ± 0.06 
; -0.32 ±0.1 7 

:" " "0:15 ±0:16" 

i 0.13±0.17 
0.14 ±0.12 

-1i-«:go||" 

^ LI.IO -0.36 

D."23"±0.52±0:13" 
. 0.23 ± 0.54 
o:a"±o:l4±o:OB" 
; -0.20 ±0.1 5 
O.OT±D:25"±0.06±0:05" 
\ 0.01 ±0.26 
0:qi2"± 0:09 ±0:03" 
0.11 ±0.08 ±0.03 

■ 0.06 ±0.08 
" "■" " 0.06 ±0:06" 
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-0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8 



1.2 1.4 1.6 1.S 



siii(2(3'^^) = siii(2(^f ) 



HFAG 



iMoriond 2012 
PRELIMINARY 



b->ccs World Average 



0.68 ±0.02 



it) K° Average 
ri' K° Average 



0.59 ±0.07 



Kg Kg Kg KM^XZI^B 



0.72 ±0.19 
0.57 ±0.1 7 



" Average 
Average 



7C"K' 

p°K 



CO Kc 



Average 



0.45 ±0.24 



fo Kg Average 

Kg Average 

fx Kg Average 

/nl Kg Av e ragft 



it) jt° Kg Average 

%* % Kg NAverage 

K^ K° Average 
k ■ 

Average 



0.48 ±0.53 
0.20 ±0.53 

-0.72 ±0.71 

^o^97"rSi:°( 
0.01 ±0.33 
^0^68*!;:?^" 

0.68 ±0.07 



-1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 02 0.4 0.6 0.8 



HFAG 



IMoriond 2012 
PRELIMINARY 



^ K° Average 
Ti' K° Average 
Kg Kg Kg AvBrage 
It" k" Average 
p° Kg Average 



: 0.01 ±0.14 



. -0.05 ± 0.05 
: -0.24 ±0.14 

: 0.01 ±0.10 

i -0.06 ± 0.20 



CO Kc 



Average 



-0.32 ±0.1 7 
0.14±0.12 



f, K, 

fx Kg Average 

it° ji° Kg Average 

(|) It" Kg Average 



: 0.23 ±0.54 

: -0.20 ±0.15 



tC iC Kg NAverage 
K*K'V Average 

^ : 

Average 



; 0.01 ±0.26 
: 0.06 ±0.08 



-1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 



0.2 0.4 0.6 0.8 



. 0.06 ±0.06 

_j I I I 

1 1.2 1.4 1.6 



Figure 16: (Top) Averages of (left) —rjSb^qqs and (right) Ch^qqs- The —rjSb^qqs figure compares 
the results to the world average for —rjSh^ccs (see Section 14.4. II) . (Bottom) Same, but only 
averages for each mode are shown. More figures are available from the HFAG web pages. 
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C ^* i 
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ConlDurs give -2i|ln L) = ix^ - ' i corresponding to 60.7=-! CL lor 2 d 



Figure 17: Averages of four b — )• ggs dominated channels, for which correlated averages are 
performed, in the Scp vs. Ccp plane, where Sep has been corrected by the CP eigenvalue to 
give sin(2/3'=*^). (Top left) 5° ^ ^K°, (top right) B° ri'K'^, (bottom left) 5° ^ K^^K^Kl, 
(bottom right) — ^ tt^K^. More figures are available from the HFAG web pages. 
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Contours give -2A(ln L) = Ax^ = 1 , corresponding to 60.7% CL for 2 dot 

Figure 18: Compilation of constraints in the —rjSb^ggs vs. Cb^ggg plane. 



Merged b^qqs BCLK^,) UUII9 
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30 40 50 
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» CP'- a^ lMoriond 2012 



PRELIMINARY 



BaBar 

PRD 80 (2009) II^OOT 
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PRD 79 (2009) 07q304 

BaBar 

:lteT- 



Z BeNe 

PRD 82 (2010) 073011 

Naive average i 

b^'l'l^ HFAG 



-0.08 ±0.19 ±0.03 ±0.04 



0.0^ ±0.17 ±0.07 ±0.09 



-0.28 ±0.24 ±0.09 
0.30 ±0.29 ±0.11 ±0.09 
-0.14±0.12 



0.2 
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0.6 



Figure 19: (Top) Averages of (left) = (pf and (right) Acp for the S° f^K^ decay 
including measurements from Dalitz plot analyses of both — t- K^K~Kg and — > 7T^7T~Kg. 
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4.7 Time-dependent CP asymmetries in 6 — )- ccd transitions 

The transition h — ?■ ccd can occur via either a 6 — )■ c tree or a 6 — )■ c? penguin amphtude. 
Similarly to Eq. f ll46p . the amplitude for the h ^ d penguin can be written 

Ab^d = F^VubV:^ + F,VcbV;a + FtVtbV;^ 

= {F^-F,)VubV:, + {Ft - F,)VtbV:, (152) 
0(A3) + C(A3). 

From this it can be seen that the b ^ d penguin amplitude contains terms with different weak 
phases at the same order of CKM suppression. 

In the above, we have followed Eq. (11461) by eliminating the Fc term using unitarity. How- 
ever, we could equally well write 

Ab^d = {F^ - Ft)VubV:, + {F, - Ft)V,bV:,, 

= (F, - F^)V,bV:, + [Ft - F^)VtbV:,. ^ 

Since the h — )■ ccd tree amplitude has the weak phase of VcbV*^, either of the above expressions 
allow the penguin to be decomposed into parts with weak phases the same and different to the 
tree amplitude (the relative weak phase can be chosen to be either /3 or 7). However, if the 
tree amplitude dominates, there is little sensitivity to any phase other than that from B^-B^ 
mixing. 

The h — )■ ccd transitions can be investigated with studies of various different final states. 
Results are available from both BABM. and Belle using the final states J/V^7r°, D^D~ , D*^D*~ 
and D*^D^, the averages of these results are given in Tables [38] and [391 The results using the 
CP eigenstate [r] = +1) modes J/ipTi^ and D^D^ are shown in Fig. [20] and Fig. [2T] respectively, 
with two-dimensional constraints shown in Fig. [22l 

The vector-vector mode D*~^D*~ is found to be dominated by the CP-even longitudinally 
polarised component; BABAR measures a CP-odd fraction of 0.158 ± 0.028 ± 0.006 [204J while 
Belle measures a CP-odd fraction of 0.125 ±0.043 ±0.023 |307] . These values, listed as R±, are 
included in the averages which ensures the correlations to be taken into account @ BABAR have 
also performed an additional fit in which the CP-even and CP-odd components are allowed 
to have different CP violation parameters S and C. These results are included in Table 139] 
Results using D*^D*^ are shown in Fig. [23] 

As discussed in Sec. 14.2.6] the most recent papers on the non-CP eigenstate mode D*'^D^ 
use the (A, S*, AS*, C, AC) set of parameters, and we therefore perform the averages with this 
choice. 

In the absence of the penguin contribution (tree dominance), the time-dependent parameters 
would be given by Sb^ccd = -r]sm{2/3), Cb^ccd = 0, S+- = sin(2/3 ± 5), S-+ = sin(2/3 - 5), 

C+_ = — C I- and ^ = 0, where 5 is the strong phase difference between the D*^D^ and 

D*- D+ decay amplitudes. In the presence of the penguin contribution, there is no clean 
interpretation in terms of CKM parameters, however direct CP violation may be observed as 
any of Cb^ccd 7^ 0, C+_ ^ -C_+ or ^ 0. 

The averages for the h — )■ ccd modes are shown in Figs. [21] and [25] Results are consistent with 
tree dominance, and with the Standard Model, though the Belle results in B^ — D^D~ |311] 

Note that the BaBAR value given in Table HH] differs from that given above, since that in the table is not 
corrected for efficiency. 
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Table 38: Averages for the b — )■ ccd modes, B'^ J/ipTi^ and D^D . 



Experiment N{BB) Sep Ccp Correlation 

1.23 ±0.21 ±0.04 -0.20 ±0.19 ±0.03 0.20 
0.65 ±0.21 ±0.05 -0.08 ±0.16 ±0.05 -0.10 
-0.93 ±0.15 -0.10 ±0.13 0.04 
0.15 (1.4cr) 

BABAR [201] 467M -0.65 ± 0.36 ± 0.05 -0.07 ± 0.23 ± 0.03 -0.01 

Belle [22B] 772M -1.06 ± 0.08 -0.43 ± 0.16 ± 0.05 -0.12 

Average -0.98 ±0.17 -0.31 ±0.14 -0.08 
Confidence level 0.26 (l.lo") 



BABAR [308] 466M 
Belle [309| 535M 

Average 

Confidence level 



show an indication of direct CP violation, and hence a non-zero penguin contribution. The 
average of Sb^ccd in both J/ipir^ and D*^D*~ final states is more than ba from zero, corre- 
sponding to observations of CP violation in these decay channels.. That in the D^D^ final state 
is more than 3a from zero; however, due to the large uncertainty and possible non-Gaussian 
effects, any strong conclusion should be deferred. 
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Figure 20: Averages of (left) Sb^ccd and (right) Cb^ccd for the mode B° — )• JjipTi^. 
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Table 39: Averages for the b — )■ ccd modes, D*^D* and D*^D^. 



Experiment 




N{BB) 


Sep 


Ccp 


R± 








D*+D*- 








BAB4R 


|204| 


467M 


-0.71 ±0.16 ±0.03 


0.05 ±0.09 ±0.02 


0.17 ±0.03 


Belle 


|310j 


772M 


-0.79 ±0.13 ±0.03 


-0.15 ±0.08 ±0.02 


0.14 ±0.02 ±0.01 


Average 






-0.77 ±0.10 


-0.06 ±0.06 
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Figure 21: Averages of (left) Sb^ccd and (right) Cb^ccd for the mode — )• D^D' 
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Figure 22: Averages of two b — )■ ccd dominated channels, for which correlated averages are 
performed, in the Scp vs. Ccp plane. (Left) — )■ J/ipn^ and (right) B^ D^D~ . 
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Figure 23: Averages of (left) Shaded and (right) Cb-^cai for the mode B^ — > D*^D* 
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Figure 24: Averages of (left) —rjSb^ccd and (right) Cb^ccd- The —rjSb-^ggs figure compares 
results to the world average for —rjSb^ccs (see Section 14.4. ip . 




Contours give -2A(in L) = Ax^ = 1 , corresponding to 60.7% CL for 2 dof 



Figure 25: Compilation of constraints in the —rjSb-^ccd vs. Cb~^ccd plane. 
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4.8 Time-dependent CP asymmetries in 6 — )- qqd transitions 



Decays such as K^K^ are pure b — )■ qqd penguin transitions. As shown in Eq. I152[ this 

diagram has different contributing wealc phases, and therefore the observables are sensitive to 
the difference (which can be chosen to be either /3 or 7). Note that if the contribution with the 
top quark in the loop dominates, the weak phase from the decay amplitudes should cancel that 
from mixing, so that no CP violation (neither mixing-induced nor direct) occurs. Non-zero 
contributions from loops with intermediate up and charm quarks can result in both types of 
effect (as usual, a strong phase difference is required for direct CP violation to occur). 

Both BABAR |312] and Belle |313] have performed time-dependent analyses of B^ — t- K^K^. 
The results are shown in Table HO] and Fig. [23 

Table 40: Resuhs for 5° ^ K'^^K^ 



Experiment 


N{BB) 


Sep 


Ccp 


Correlation 


BABAR |312| 
Belle [313] 
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657M 


1 90 +0.80 +0.11 

i.ZO _Q 73 _Q J^g 
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-0.40 ±0.41 ±0.06 
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Average 
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Figure 26: Averages of (left) Sb-^ggd and (right) Cb^qqd for the mode B^ — > K^K^. 
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4.9 Time-dependent asymmetries in 6 — >^ S7 transitions 

The radiative decays b ^ produce photons which are highly polarised in the Standard 
Model. The decays — )■ F7 and — t- F7 produce photons with opposite helicities, and 
since the polarisation is, in principle, observable, these final states cannot interfere. The finite 
mass of the s quark introduces small corrections to the limit of maximum polarisation, but any 
large mixing induced CP violation would be a signal for new physics. Since a single weak phase 
dominates the b ^ si transition in the Standard Model, the cosine term is also expected to be 
small. 

Atwood et al. |238j have shown that an inclusive analysis with respect to K^tt^i can be 
performed, since the properties of the decay amplitudes are independent of the angular mo- 
mentum of the i^gVr^ system. However, if non-dipole operators contribute significantly to the 
amplitudes, then the Standard Model mixing-induced CP violation could be larger than the 
naive expectation S — 2(ms/mf,) sin (2/3) |239|,l240j . In this case, the CP parameters may vary 
over the Kgir^i Dalitz plot, for example as a function of the K^ir^ invariant mass. Explicit 
calculations indicate such corrections are small for exclusive final states 1241(1242] . 

With the above in mind, we quote two averages: one for i^'*(892) candidates only, and the 
other one for the inclusive Kgir^i decay (including the K*[892)). If the Standard Model dipole 
operator is dominant, both should give the same quantities (the latter naturally with smaller 
statistical error). If not, care needs to be taken in interpretation of the inclusive parameters, 
while the results on the K*{892) resonance remain relatively clean. Results from BABAR |314] 
and Belle |315] are used for both averages; both experiments use the invariant mass range 
0.60 GeV/c^ < Mj^o^o < 1.80 GeV/c^ in the inclusive analysis. In addition to the K°7r°7 
decay, BABAR have presented results using K^rji j316] . and Belle have presented results using 
[an] and irO07 [318] . 

Table 41: Averages for b ^ si modes. 



Experiment 


N{BB) 


Scp{b -> 57) 


Ccp{b si) 


Correlation 


BABAR [3Ti] 


467M 


K*{892)i 
-0.03 ±0.29 ±0.03 


-0.14 ±0.16 ±0.03 


0.05 


Belle [3T^ 


535M 


-0.32 1°;|±0.05 


0.20 ±0.24 ±0.05 


0.08 


Average 




-0.16 ±0.22 


-0.04 ±0.14 


0.06 


Confidence level 




0.40 (0.9cr) 




BABAR |314| 


467M 


ir°7r°7 (including K*{ 
-0.17 ±0.26 ±0.03 


892)7) 

-0.19 ±0.14 ±0.03 


0.04 


Belle |315] 


535M 


-0.10 ±0.31 ±0.07 


0.20 ±0.20 ±0.06 


0.08 


Average 




-0.15 ±0.20 


-0.07 ±0.12 


0.05 


Confidence level 




0.30 (l.Ocr) 




BABAR [316] 


465M 


Klvi 
-0.18 +[!-^^± 0.12 


-0.32 toil ±0.07 


-0.17 


Belle [317] 


657M 


Kyi 

0.11 ±0.33 to'^ol 


-0.05 ±0.18 ±0.06 


0.04 


Belle [318] 


772M 


K°s<Pl 

n +0.72 +0.10 
-1.05 -0.24 


-0.35 ±0.58 toil 
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The results are shown in TableHU and in Figs.[27]and [2SJ No significant CP violation results 
are seen; the results are consistent with the Standard Model and with other measurements in 
the 6 — )■ S7 system (see Sec. [7]). 
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Figure 27: Averages of (left) Sb^s-y and (right) Cb^s-y- Recall that the data for K*'~^ is a subset 
of that for ir°7r°7. 



4.10 Time-dependent asymmetries in 6 — >^ d'y transitions 

The formalism for the radiative decays 6 — )■ (i7 is much the same as that for b ^ sj discussed 
above. Assuming dominance of the top quark in the loop, the weak phase in decay should 
cancel with that from mixing, so that the mixing-induced CP violation parameter Sep should 
be very small. Corrections due to the finite light quark mass are smaller compared to 6 — )■ 57, 
since rud < mg, and although QCD corrections may still play a role, they cannot significantly 
affect the prediction Sb^d^ — 0. Large direction CP violation effects could, however, be seen 
through a non-zero value of Cb^d-y, since the top loop is not the only contribution. 

Results using the mode — > p'^7 are available from Belle and are shown in Table W2[ 

Table 42: Averages for — )■ p°7. 



Experiment 


N{BB) 


Sep 


Ccp Correlation 


Belle [319J 


657M 


-0.83 ±0.65 ±0.18 


0.44 ±0.49 ±0.14 -0.08 
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2 E 

Contours give -2A(ln L) = Ax = 1 , corresponding to 60.7% CL for 2 dof Contours give -2A(ln L) = = 1 . corresponding to 60.79c CL for 2 dof 



Figure 28: Averages of 6 — )■ S7 dominated channels, for which correlated averages are performed, 
in the Sep vs. Ccp plane. (Left) 5° K*^ and (right) 5° K^ti^^ (including K*-f). 
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4.11 Time-dependent CP asymmetries in 6 — )- uud transitions 



The h — )■ uud transition can be mediated by either a 6 — ?■ n tree amphtude or a 6 — ?■ d penguin 
amphtude. These transitions can be investigated using the time dependence of decays to 
final states containing hght mesons. Results are available from both BABAR and Belle for the 
CP eigenstate [rj = +1) 7r"'"7r~ final state and for the vector- vector final state p^p~, which is 
found to be dominated by the CP-even longitudinally polarised component (BABAR measure 
/long = 0.992 ± OmAtofit [320] while Belle measure /long = 0.941 ± 0.030 [M]). BABAR 
have also performed a time- dependent analysis of the vector- vector final state p°p° |322j . in 
which they measure /long = 0.70 ± 0.14 ± 0.05; Belle measures a smaller branching fraction 
than BABAR for B^ — )■ p^p^ |323j with corresponding signal yields too small to perform time- 
dependent or angular analyses. BABAR have furthermore performed a time-dependent analysis 
of the B° — 7- afn^ decay [324] : further experimental input for the extraction of a from this 
channel is reported in a later publication [325] . 

Results, and averages, of time-dependent CP-violation parameters in 6 — )■ uud transitions 
are listed in Table |l3l The averages for tt+tt" are shown in Fig. |29], and those for p'^p~ are 
shown in Fig. |30l with the averages in the Sep vs. Ccp plane shown in Fig. 
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Figure 29: Averages of (left) Sb^uud and (right) Cb^uud for the mode B° — )■ tt+tt" 
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Figure 30: Averages of (left) Sb^uud and (right) Cb^uud for the mode B° — )• p^p' 
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Table 43: Averages for b — )■ uud modes. 



Experiment 



Sample size 



S, 



CP 



CP 



Correlation 



BABAR [326] 
Belle [32Z] 
LHCb [306] 
Average 

Confidence level 



N{BB) = 467M 
N{BB) = 535M 
0.7 fb"^ 



-0.68 ±0.10 ±0.03 
-0.61 ±0.10 ±0.04 
-0.56 ±0.17 ±0.03 
-0.65 ±0.07 



-0.25 ±0.08 ±0.02 
-0.55 ±0.08 ±0.05 
-0.11 ±0.21 ±0.03 
-0.36 ±0.06 



0.12 (1.6cj) 



-0.06 
-0.15 
0.34 
-0.03 



BABAR [320] 
Belle [328] 
Average 

Confidence level 



N{BB) = 387M 
N{BB) = 535M 



p+p 

-0.17 ±0.20 torn 
0.19 ±0.30 ±0.07 
-0.05 ±0.17 



0.01 ±0.15 ±0.06 
-0.16 ±0.21 ±0.07 
-0.06 ±0.13 



0.50 {0.7a) 



-0.04 
0.10 
0.01 



BABAR 



[322] 



N{BB) = 465M 



0.3 ±0.7 ±0.2 



0.2 ±0.8 ±0.3 



-0.04 



Experiment 


N{BB) 


Acp 


C S AC 


AS 


BABAR 


[324 


384M 


-0.07 ±0.07 ±0.02 


-0.10 ± 0.15 ± 0.09 0.37 ± 0.21 ± 0.07 0.26 ± 0.15 ± 0.07 


-0.14 ±0.21 ±0.06 
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Figure 31: Averages of 6 — )■ uud dominated channels, for which correlated averages are per- 
formed, in the Sep vs. Ccp plane. (Left) — )■ vr+vr" and (right) — )■ p'^p~ . 



If the penguin contribution is negligible, the time- dependent parameters for B^ — > tt+tt^ 
and i?° — )■ p'^p~ are given by Sb^und = V sin(2a) and Cb^und = 0. In the presence of the penguin 
contribution, direct CP violation may arise, and there is no straightforward interpretation of 
Sb^uud and Cb-^uud- An isospin analysis |329j can be used to disentangle the contributions and 
extract a. 

For the non-CP eigenstate p^Tx^, both BABM [222] and Belle [2231 [221] have performed 
time-dependent Dalitz plot (DP) analyses of the 7r"'"7r~7r*^ final state |220j : such analyses allow 
direct measurements of the phases. Both experiments have measured the U and I parameters 
discussed in Sec. 14.2.51 and defined in Table [221 We have performed a full correlated average of 
these parameters, the results of which are summarised in Fig. [321 

Both experiments have also extracted the Q2B parameters. We have performed a full 
correlated average of these parameters, which is equivalent to determining the values from the 
averaged U and I parameters. The results are shown in Table. HH Averages of the B^ — t- p^-K^ 
Q2B parameters are shown in Figs. [221 and [211 

With the notation described in Sec. 14.21 (Eq. (11251) ). the time-dependent parameters for the 
Q2B 5° p^TT^ analysis are, neglecting penguin contributions, given by 



= y 1 - sin(2a) cos((5) , /\Sp^ = y ^ ~ (^) "^^^'^^ 

and CpTT = -Aqp = 0, where 6 = arg(y4_+y4^_) is the strong phase difference between the 
p^TT^ and p^TT^ decay amplitudes. In the presence of the penguin contribution, there is no 
straightforward interpretation of the Q2B observables in the B^ — t- p'^n^ system in terms of 
CKM parameters. However direct CP violation may arise, resulting in either or both of Cp^^ 7^ 
and A'^p 7^ 0. Equivalently, direct CP violation may be seen by either of the decay-type-specific 
observables Ap~ and A~^, defined in Eq. f ll26p . deviating from zero. Results and averages for 
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Table 44: Averages of quasi-two-body parameters extracted from time-dependent Dalitz plot analysis of — > vt^tt tt*^. 



Experiment 


N{BB) 




^ p-K >-'p7r 






BABAR |222J 


375M 


-0.14 ±0.05 ±0.02 


0.15 ± 0.09 ± 0.05 -0.03 ± 0.11 ± 0.04 0.39 ± 0.09 ± 0.09 


-0.01 ±0.14 ±0.06 


Belle |223[l224j 


449M 


-0.12 ±0.05 ±0.04 


-0.13 ±0.09 ±0.05 0.06 ±0.13 ±0.05 


0.36 ±0.10 ±0.05 


-0.08 ±0.13 ±0.05 


Average 




-0.13 ±0.04 


0.01 ± 0.07 0.01 ±0.09 


0.37 ±0.08 


-0.04 ±0.10 


Confidence level 






0.52 {0.6a) 








Experiment 




N{BB) 






Correlation 


BABAR 


p22] 


375M 


-0.37 ;^:i;]± 0.09 


0.03 ±0.07 ±0.04 


0.62 


Belle 




449M 


0.08 ±0.16 ±0.11 


0.21 ±0.08 ±0.04 


0.47 


Average 






-0.18 ±0.12 


0.11 ±0.06 


0.40 


Confidence level 






0.14 (1.5cr) 








Experiment 




N{BB) 


CpO^O 




Correlation 


BABAR 


[222] 


375M 


-0.10 ±0.40 ±0.53 


0.04 ±0.44 ±0.18 


0.35 


Belle 


|223ll224j 


449M 


0.49 ±0.36 ±0.28 


0.17 ±0.57 ±0.35 


0.08 


Average 






0.30 ±0.38 


0.12 ±0.38 


0.12 


Confidence level 






0.76 (0.3cr) 
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Figure 32: Summary of the U and / parameters measured in the time-dependent — )■ tt^tt 7r° 
Dahtz plot analysis. 
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Figure 33: Averages of (left) Sb-^uud and (right) Cb^uud for the mode — )■ p°7r°. 

these parameters are also given in Table HH Averages of the direct CP violation effect in 
-B° — 7- p^^TT^ are shown in Fig. |35l both in Aqp vs. Cp.„ space and in A~:^ vs. A^' space. 

Some difference is seen between the BABMi and Belle measurements in the tt+tt" system. 
The confidence level of the average is 0.034, which corresponds to a 2. la discrepancy. Since 
there is no evidence of systematic problems in either analysis, we do not rescale the errors of 
the averages. The averages for S^^uud and C^^uud in tt+tt^ are both more than 5o" away 

from zero, suggesting that both mixing-induced and direct CP violation are well-established in 
this channel. Nonetheless, due to the possible discrepancy mentioned above, a slightly cautious 
interpretation should be made with regard to the significance of direct CP violation. 

In B^ — )■ p^'^TT^, however, both experiments see an indication of direct CP violation in the 
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Figure 34: Averages of 6 — )■ uud dominated channels, for the mode p^TT^ in the Sep vs. 

Ccp plane. 

Aqp parameter (as seen in Fig. I35ll . The average is more than 3a from zero, providing evidence 
of direct CP violation in this channel. 

Constraints on a 

The precision of the measured CP violation parameters in 6 — )• uud transitions allows 
constraints to be set on the UT angle a. Constraints have been obtained with various methods: 

• Both BABAR [330\ and Belle |327j have performed isospin analyses in the vrvr system. Belle 
exclude 9° < (j)2 < 81° at the 95.4% C.L. while BABAR give a confidence level interpretation 
for a, exclude the range 23° < a < 67° at the 90% C.L. In both cases, only solutions in 
0°-180° are considered. 

• Both experiments have also performed isospin analyses in the pp system. The most 
recent result from BABAR is given in an update of the measurements of the B^ — > p^p° 
decay [331] . and sets the constraint a = (92.4 ^g'^) . The most recent result from Belle 
is given in an update of the search for the B^ — > p°p° decay and sets the constraint 
02 = (91.7 ±14.9)° [323|. 

• The time-dependent Dalitz plot analysis of the B'^ — )■ tt+tt^tt'^ decay allows a determi- 
nation of a without input from any other channels. BABAR |222] obtain the constraint 
75° < a < 152° at 68% C.L. Belle |223[I224] have performed a similar analysis, and in 
addition have included information from the SU(2) partners of i? — t- pre, which can be 
used to constrain a via an isospin pentagon relation [332| . With this analysis. Belle ob- 
tain the tighter constraint 02 = (83^23)° (where the errors correspond to la, i.e. 68.3% 
confidence level). 

• The results from BABAR on B af tt'f [321] can be combined with results from modes 
related by isospin |333] leading to the following constraint: a = (79±7±ll)° |325j . 
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Figure 35: Direct CP violation in — )• p'^n^. (Left) A(^p vs. Cp^ space, (right) A^.J' vs. A 
space. 



Contours give -2A[ln L) =Ax = 1 , corresponding to 60.7% CL for 2 dot 

pn 



p-TT 



• Each experiment has obtained a value of a from combining its results in the different 
b —7- uud modes (with some input also from HFAG). These values have appeared in talks, 
but not in publications, and are not listed here. 

• The CKMfitter |225] and UTFit |268j groups use the measurements from Belle and BABAR 
given above with other branching fractions and CP asymmetries in S — ^ tttt, pvr and pp 
modes, to perform isospin analyses for each system, and to make combined constraints 
on a. 

Note that methods based on isospin symmetry make extensive use of measurements of 
branching fractions and direct CP asymmetries, as averaged by the HFAG Rare Decays sub- 
group (Sec. [7]). Note also that each method suffers from discrete ambiguities in the solutions. 
The model assumption in the — )■ tt^tt^tt^ analysis allows to resolve some of the multiple 
solutions, and results in a single preferred value for a in [0,7r]. All the above measurements 
correspond to the choice that is in agreement with the global CKM fit. 

At present we make no attempt to provide an HFAG average for a. More details on proce- 
dures to calculate a best fit value for a can be found in Refs. |225[I268] . 
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4.12 Time-dependent CP asymmetries in 6 — )- cud/ucd transitions 

Non-CP eigenstates such as /^''^vr^, D*^7r^ and D'^p^ can be produced in decays of mesons 
either via Cabibbo favoured {h — )■ c) or doubly Cabibbo suppressed {h — )■ u) tree amphtudes. 
Since no penguin contribution is possible, these modes are theoretically clean. The ratio of the 
magnitudes of the suppressed and favoured amplitudes, R, is sufficiently small (predicted to be 
about 0.02), that terms of 0{R^) can be neglected, and the sine terms give sensitivity to the 
combination of UT angles 2/3 + 7. 

As described in Sec. I4.2.6[ the averages are given in terms of parameters a and c. CP 
violation would appear as a 7^ 0. Results are available from both BABML and Belle in the 
modes D^tt^ and D*^7r^; for the latter mode both experiments have used both full and partial 
reconstruction techniques. Results are also available from BABML using D^p^. These results, 
and their averages, are listed in Table HSl and are shown in Fig. |36l The constraints in c vs. a 
space for the Dti and D*Ti modes are shown in Fig. [371 It is notable that the average value of 
a from D*tt is more than 3cr from zero, providing evidence of CP violation in this channel. 



Table 45: Averages for h — > cud/ucd modes. 



Experiment 



N{BB) 



232M -0.010 ±0.023 ±0.007 
386M -0.050 ±0.021 ±0.012 

-0.030 ±0.017 
0.24 {1.2a) 

232M -0.040 ±0.023 ±0.010 
232M -0.034 ±0.014 ±0.009 
386M -0.039 ±0.020 ±0.013 
657M -0.046 ±0.013 ±0.015 
-0.039 ±0.013 
0.97 (O.OScr) 



BABAR (full rec.) 
Belle (full rec.) 
Average 

Confidence level 



m 



-0.033 ±0.042 ±0.012 
-0.019 ±0.021 ±0.012 
-0.022 ±0.021 
0.78 (0.3cj) 



BABAR (full rec.) 
BABAR (partial rec. 
Belle (full rec.) 
Belle (partial rec.) 
Average 
Confidence level 



m 

[232] 



0.049 ±0.042 ±0.015 
-0.019 ±0.022 ±0.013 
-0.011 ±0.020 ±0.013 
-0.015 ±0.013 ±0.015 
-0.017 ±0.016 
0.59 (0.6cj) 



-0.024 ±0.031 ±0.009 



BABAR (full rec.) 



m 



232M 



-0.098 ±0.055 ±0.018 



For each of Dn, D*7i and Dp, there are two measurements (a and c, or and S^) which 
depend on three unknowns {R, 6 and 2/3 ± 7), of which two are different for each decay mode. 
Therefore, there is not enough information to solve directly for 2/5 ± 7. However, for each 
choice of R and 2/3 + 7, one can find the value of 6 that allows a and c to be closest to their 
measured values, and calculate the distance in terms of numbers of standard deviations. (We 
currently neglect experimental correlations in this analysis.) These values of A^(cr)min can then 
be plotted as a function of R and 2/3 ± 7 (and can trivially be converted to confidence levels). 
These plots are given for the Dtt and D*tt modes in Figure [37[ the uncertainties in the Dp 
mode are currently too large to give any meaningful constraint. 

The constraints can be tightened if one is willing to use theoretical input on the values 
of R and/or S. One popular choice is the use of SU(3) symmetry to obtain R by relating 
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Figure 36: Averages for b — cud/ucd modes. 



the suppressed decay mode to B decays involving Ds mesons. More details can be found in 
Refs. [22511268] . 

4.13 Time-dependent CP asymmetries in 6 — >^ cus/ucs transitions 

Time-dependent analyses of transitions such as — )■ D^K^t:^ can be used to probe sin(2/3+7) 
in a similar way to that discussed above (Sec. l4.12|) . Since the final state contains three particles, 
a Dalitz plot analysis is necessary to maximise the sensitivity. BABAR |334] have carried out 
such an analysis. They obtain 2/3+7 = (83 ± 53 ± 20)° (with an ambiguity 2/3+7 ^ 2/3+7 + 7r) 
assuming the ratio of the 6 — )■ m and 6 — )■ c amplitude to be constant across the Dalitz plot at 
0.3. 
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Figure 37: Results from b — )■ cud/ucd modes. (Top) Constraints in c vs. a space. (Bottom) 
Constraints in 2/3 + 7 vs. R space. (Left) D*tt and (right) Dir modes. 
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4.14 Rates and asymmetries in decays 

As explained in Sec. I4.2.7[ rates and asymmetries in — t- decays are sensitive to 

7. Various methods using different D^*^ final states exist. 

4.14.1 D decays to CP eigenstates 

Results are available from both BABAR and Belle on GLW analyses in the decay modes B^ — )■ 
DK^, B^ -)■ D*K'^ and B^ -> Both experiments use the CP-even D decay final 

states K^K~ and 7r"'"7r~ in all three modes; both experiments generally use the CP-odd decay 
modes K^n^ , and Kg(j), though care is taken to avoid statistical overlap with the K^K^K~ 
sample used for Dalitz plot analysis (see Sec. I4.14.3p . and asymmetric systematic errors are 
assigned due to CP-even pollution under the K^gOJ and K^(t) signals. Both experiments also use 
the D* Dtc^ decay, which gives CP{D*) = CP{D); BABAR in addition use the Dj 
decays, which gives CP{D*) = —CP{D). In addition, results from CDF and LHCb are available 
in the decay mode B^ — )■ DK^, for CP-even final states {K^K~ and vr+vr") only. The results 
and averages are given in Table |16] and shown in Fig. [381 

Table 46: Averages from GLW analyses of 6 — )■ cus/ucs modes. 



Experiment Sample size Acp+ Acp- Rcp+ R 



CP- 



_ DcpK- 

BABAR [32S! N{BB) = A67M 0.25 ± 0.06 ± 0.02 -0.09 ± 0.07 ± 0.02 1.18 ± 0.09 ± 0.05 1.07 ± 0.08 ± 0.04 

Belle N{BB) = 772M 0.29 ± 0.06 ± 0.02 -0.12 ± 0.06 ± 0.01 1.03 ± 0.07 ± 0.03 1.13 ± 0.09 ± 0.05 

CDF [32H! 1 fb"^ 0.39 ±0.17 ± 0.04 - 1.30 ± 0.24 ± 0.12 

LHCb [3Sn! 1 ib"^ 0.14 ±0.03 ±0.01 - 1.01 ± 0.04 ± 0.01 

Average 0.19 ±0.03 -0.11 ± 0.05 1.03 ±0.03 1.10 ±0.07 

Confidence level 0.09 {l.7a) 0.75 {0.3a) 0.33 (l.Ofj) 0.66 (OAa) 

~ ^CpK~ 

BABAR [310! N{BB) = 383M -0.11 ± 0.09 ± 0.01 0.06 ± 0.10 ± 0.02 1.31 ± 0.13 ± 0.03 1.09 ± 0.12 ± 0.04 

Belle [HiT] N(BB) = 275M -0.20 ± 0.22 ± 0.04 0.13 ± 0.30 ± 0.08 1.41 ± 0.25 ± 0.06 1.15 ± 0.31 ± 0.12 

Average -0.12 ± 0.08 0.07 ±0.10 1.33 ±0.12 1.10 ±0.12 

Confidence level 0.71 (0.4o-) 0.83 {0.2a) 0.73 (0.4fj) 0.87 {0.2a) 

Z DcpK*- 

BABAR [Mil N{BB) = 379M 0.09 ± 0.13 ± 0.06 -0.23 ± 0.21 ± 0.07 2.17 ± 0.35 ± 0.09 1.03 ± 0.27 ± 0.13 



4.14.2 D decays to suppressed final states 

For ADS analysis, both BABAR and Belle have studied the modes B^ — )■ DK^ and B^ — )■ Dn^. 
BABAR has also analysed the B^ — D*K^ and B^ — )■ DK*^ modes. There is an effective 
shift of TT in the strong phase difference between the cases that the D* is reconstructed as Dtx^ 
and |250j . therefore these modes are studied separately. K*^ is reconstructed as K^^ti^ . 
In all cases the suppressed decay D — K^tt~ has been used. BABAR also has results using 
B^ — DK^ with D — )■ fC+vr'Tr". The results and averages are given in Table W7\ and shown in 
Figs. [33 and HOI 

We do not include a preliminary result from Belle |335) . which remains unpublished after more than two 
years. 
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Figure 38: Averages of Acp and Rcp from GLW analyses. 



BaBar [347] have also presented results on a similar analysis with self-tagging neutral B 
decays: B° ^ DK*° with D K-7T+, D R-tv+tv^ and D K-n+n+n- (all with K*° 
K~^7[~). Effects due to the natural width of the K*^ are handled using the parametrisation 
suggested by Gronau [348] . 

The following 95% CL. limits are set: 

Rads{K7i) < 0.244 Rads{K7171°) < 0.181 i?ADs(^7r7r7r) < 0.391 . (155) 

Combining the results and using additional input from CLEOc [34911350] a limit on the ratio 
between the 6 — )■ m and 6 — )■ c amplitudes of G [0.07, 0.41] at 95% C.L. limit is set. 
Belle [351j have obtained the constraint 

/2ADs(^7r) <0.16. (156) 
4.14.3 D decays to multiparticle self-conjugate final states 

For the Dalitz plot analysis, both BABAR [352] and Belle |3531I354] have studied the modes 
DK^, B^ D*K^ and B^ DK*^. For B^ D*K^, both experiments have 
used both D* decay modes, D* — )■ D-k^ and D* — D7, taking the effective shift in the strong 
phase difference into account. In all cases the decay D — )■ i^'gTr+Tr" has been used. BABAR 
also used the decay D — )■ K^K^K^ . BABAR has also performed an analysis of B^ — )■ DK^ 
with D — 7- 7r"^7r~7r° |255j . Results and averages are given in Table HHl The third error on each 
measurement is due to D decay model uncertainty. 

The parameters measured in the analyses are explained in Sec. I4.2.7[ Both BAlBAR and 
Belle have measured the "Cartesian" {x±,y±) variables, and perform frequentist statistical 
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Figure 39: Averages of -Rads and A ads for B D^*^K^*^ decays. 



procedures, to convert these into measurements of 7, and 5b- In the — )■ DK^ with 
D — )■ tt+tt^tt'^ analysis, the parameters [p'^^O'^) are used instead. 

Both experiments reconstruct K*^ as i^^^vr^, but the treatment of possible nonresonant 
K^t:^ differs: Belle assign an additional model uncertainty, while BABAR use a parametrisation 
suggested by Gronau j348j . The parameters tb and 5b are replaced with effective parameters 
HTg and 5s] no attempt is made to extract the true hadronic parameters of the B^ DK*^ 
decay. 

We perform averages using the following procedure, which is based on a set of (more or less) 
reasonable, though imperfect, assumptions. 

• It is assumed that effects due to the different D decay models used by the two experiments 
are negligible. Therefore, we do not rescale the results to a common model. 

• It is further assumed that the model uncertainty is 100% correlated between experiments, 
and therefore this source of error is not used in the averaging procedure. (This approx- 
imation is significantly less valid now that the BABAR results include D — ?■ KgK^K~ 
decays in addition to D — )■ K'^vr+vr".) 

• We include in the average the effect of correlations within each experiments set of mea- 
surements. 

• At present it is unclear how to assign an average model uncertainty. We have not at- 
tempted to do so. Our average includes only statistical and systematic error. An unknown 
amount of model uncertainty should be added to the final error. 



We follow the suggestion of Gronau |348j in making the DK* averages. Explicitly, we 
assume that the selection of K*"^ K^ti"^ is the same in both experiments (so that k, 
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Figure 40: Averages of -Rads and A^ds ^ot B — > D^*^7r decays. 



Tg and Ss are the same), and drop the additional source of model uncertainty assigned by 
Belle due to possible nonresonant decays. 

• We do not consider common systematic errors, other than the D decay model. 



y 




Figure 41: Contours in the (a;±,y±) from £,{*)j^(*)±_ (^Lgf^) ^ /^/^t^ (middle) 

B^ —7- D*K^, (right) B^ — t- DK*^. Note that the uncertainties assigned to the averages given 
in these plots do not include model errors. 



Constraints on 7 

The measurements of {x±, y±) can be used to obtain constraints on 7, as well as the hadronic 
parameters and 6b- Both BABAR |355j and Belle |353tl354j have done so using a frequentist 
procedure (there are some differences in the details of the techniques used). 

• BABAR obtain 7 = (68 tll±4:± 3)° from DK^, D*K^ and DK*^ 
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Figure 42: Averages of {x±,y±) from 5^ — t- (Top left) x+, (top right) x_, (bottom 

left) y+, (bottom right) ?/_. The top plots include constraints on x± obtained from GLW 
analyses (see Sec. I4.14.ip . Note that the uncertainties assigned to the averages given in these 
plots do not include model errors. 



• Belle obtain 03 = (78 ± 4 ± 9)° from DK^ and D*K^ 

• The experiments also obtain values for the hadronic parameters as detailed in Tab. HHl 

• Improved constraints can be achieved combining the information from B"^ — )■ DK^ anal- 
ysis with different D decay modes. The experiments have not yet published such results, 
and none are listed here. 

• The CKMfitter |225] and UTFit |268] groups use the measurements from Belle and BABAR 
given above to make combined constraints on 7. 

• In the BABAR analysis of B^ DK^ with D -> tt+tt^tt^ [255], a constraint of -30° < 
7 < 76° is obtained at the 68% confidence level. 
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At present we make no attempt to provide an HFAG average for 7, nor indeed for the 
hadronic parameters. More details on procedures to calculate a best fit value for 7 can be 
found in Refs. [22511268] . 

BABAR |356j have also performed a similar Dalitz plot analysis to that described above using 
the self-tagging neutral B decay B^ — )■ DK*^ (with K*^ — )■ K+vr"). Effects due to the natural 
width of the K*^ are handled using the parametrisation suggested by Gronau [MB]- 

BABAR extract the three-dimensional likelihood for the parameters (7, 6s, rs) and, combining 
with a separately measured PDF for rs (using a Bayesian technique), obtain bounds on each 
of the three parameters. 

7 = (162 ± 56)° 5s = (62 ± 57)° rs < 0.55 , (157) 

where the limit on r 5 is at 95% probability. Note that there is an ambiguity in the solutions 

(7,^5 ^ 7 + 71,^5 + Tt). 
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Table 47: Averages from ADS analyses of 6 — )■ cus/ucs and h — )■ cud/ucd modes. 



Experiment 
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T> AID IQ/IQI 

riAjDAH p4c)] 
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0.0152 ± 0.0020 ± 0.0004 


Average 






— U.04 ± U. i/ 


U.UiOo ± U.UUi ( 


Confidence level 






0.77 (0.3cr) 
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D*K- 
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, D* -> £)7r^, D /C+TT 


-Kads 


BABAR j343j 
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0.77 ± 0.35 ± 0.12 


0.018 ± 0.009 ± 0.004 


Belle j337j 
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n /I +1.1 +0.2 

0.4+0.7-0.1 


n ni n +0.008 +0.001 
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0.72 ± 0.34 


0.013 ± 0.006 
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D*K 


, D* — )■ £)7, D — > iC+TT 




nArSAR |343j 


467M 




0.3d ± 0.94 _Q 4^ 


0.013 ± 0.014 ± 0.008 
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BABAR |342j 


379M 




-0.34 ±0.43 ±0.16 
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N{BB) = 467M 


0.03 ±0.17 ±0.04 
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n nn'^98 +0.00038 +0.00012 
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CDF |345 


7fb-^ 




0.13 ±0.25 ±0.02 


0.00280 ± 0.00070 ± 0.00040 


LHCb |339j 


1 fb~^ 
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0.00410 ± 0.00025 ± 0.00005 
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0.0032 ±0.0009 ±0.0008 
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0.39 (0.9cr) 


0.62 (0.5O-) 



112 



Table 48: Averages from Dalitz plot analyses of 6 — )■ cus/ucs modes. Note that the uncertainities assigned to the averages do not 
include model errors. 



Tr,"V'r»f=»rimp»Ti+' Am R R i 
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Average 


-0.104 ±0.029 
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-0.043 ±0.094 
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0.75 ±0.11 ±0.04 
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Table 49: Summary of constraints on hadronic parameters in — )■ D^*^ K^*^^ decays. Note 
the alternative parametrisation of the hadronic parameters used by BABMl in the DK*"^ mode. 

vb 5_B 

In DK^ 

BABAR 0.096 ± 0.029 ± 0.005 ± 0.004 6b{DK^) = (119 ^20 ± 3 ± 3)° 

Belle 0.160 0.011 ^°:°fo (138 1}^ ± 4 ± 23)° 

In D*K^ 

BABAR 0.133 tooll ± 0.014 ± 0.003 (-82 ± 21 ± 5 ± 3)° 

Belle 0.196 0.012 1°:°^^ (342 ± 3 ± 23)° 

In DK*^ 

BABAR Krs = 0.149 toott ± 0.026 ± 0.006 63 = (111 ± 32 ± 11 ± 3)° 
Belle 0.56 Ig;?^ ± 0.04 ± 0.08 (243 ± 3 ± 50)° 
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5 Semileptonic B decays 



Measurements of semileptonic 5-meson decays are an important tool to study the magnitude 
of the CKM matrix elements |V"c6| and \Vub\, the Heavy Quark parameters (e.g. b and c-quark 
masses), QCD form factors, QCD dynamics, new physics, etc. 

In the following, we provide averages of exclusive and inclusive branching fractions, the 
product of \Vcb\ and the form factor normalization J-'(l) and ^(1) for B — t- D*i~Vi and B — > 
Di~Vi decays, respectively, and \ Vub\ as determined from inclusive and exclusive measurements 
of 5 — )■ Xuii'e decays. We will compute Heavy Quark parameters and extract QCD form 
factors for B — )■ D*i~V£ decays. Throughout this section, charge conjugate states are implicitly 
included, unless otherwise indicated. 

Brief descriptions of all parameters and analyses (published or preliminary) relevant for the 
determination of the combined results are given. The descriptions are based on the information 
available on the web page at 

http : / /www . slac . Stanford . edu/xorg/hf ag/semi/EndOf Year 11 
A description of the technique employed for calculating averages was presented in the previous 
update |357] . Asymmetric errors have been introduced in the current averages for B — ?■ X„£z7 
decays to take into account theoretical asymmetric errors. 



5.1 Exclusive CKM-favored decays 

This section contains the measurements of -B — ?■ D*i~V£ and B Di~Vi, relevant for the de- 
termination of \Vcb\ from exclusive decays. We then provide averages for the inclusive branching 
fractions B{B — )■ D^*\l~Vi) and for B semileptonic decays into orbitally-excited P-wave charm 
mesons {D**). As the D** branching fraction is poorly known, we report the averages for the 
products B{B- D**{D^*h)i-Ve) x B{D** D^*h). 



5.1.1 B D*l-Vi 

In the parameterization of Caprini, Lellouch and Neubert (CLN), the shape and normalization 
of the form factor J^{w), which describes the decay B — )■ D*i~Ve, can be described by four 
quantities: ^-"(1)11^61, p^, -Ri(l) and -R2(l) |358j . Our average and the determination of \Vcb\ are 
based on this parameterization. 

We use the measurements of these form factor parameters shown in Table [50] and rescale 
them to the latest values of the input parameters (mainly branching fractions of charmed 
mesons) |359] . Most of the measurements in Table EDI are based exclusively on the decay 
B — )■ D*~^£~V£. Some measurements |3601I361] are sensitive also to B^ — ?► D*^i^V£ and one 
measurement |362] is based exclusively on the decay B^ — t- D*^i^V£. Our analysis thus assumes 
isospin symmetry. 

In the next step, we perform a four-dimensional fit of the parameters ^-"(1)1 Vcbl, p^, -Ri(l) 
and -R2(l) using the rescaled measurements and taking into account correlated systematic 
uncertainties. Only two measurements constrain all four parameters |367[I368] . the remaining 
measurements constrain only the normalization ^-"(1)11^61 and the slope p^. The result of the 
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Table 50: Measurements of -B — )■ D*£~Vi in the parameterization of Caprini, Lellouch and Neu- 
bert (CLN) |358j . The average is the result of a 4-dimensional fit to the rescaled measurements 
of J-'(l)|Vcb|, p^i -Ri(l) and -R2(l)- The value of the combination is 29.7 for 23 degrees of 
freedom (CL=15.7%). The total correlation between the average J-'(l)|V'cb| and is 0.32. 



Experiment 


T{l)\Vcb\[10-^] (rescaled) 
T{l)\Vcb\[lO-^] (published) 


(rescaled) 
(published) 


ALRPH 13631 


31 34 ± 1 80 t t ± 1 26 f 
3L9 ± L8,tat ± l-9syst 


490 ± 227 ± 146 * 
0.37±0.26,tat±0.14,y3t 


CLEO IMH 


40 00 ± 1 24 t t ± 1 62 t 

43.1 =b 1.3stat =t l-Ssyst 


1 366 ± 085 t t ± 088 t 
1.61±0.09,tat±0.21,yst 


OPAL excl 13641 


36.8±1.6,tat±2.0,y3t 


1 234 ± 212 + + ± 145 t 
1.31±0.21,tat±0.16,y,t 


OPAL nartial rem 13641 


37 20 ± 1 19 t t ± 2 35 <- 
37.5 i 1.2stat i 2.5syst 


1 149 ± 145 + ± 295 t 
1.12±0.14,tat±0.29syst 


DELPHI Dartial reco IM^SJ 


35 38 ± 1 40 t t ± 2 34 t 

35.5 i 1.4stat _2.4syst 


1 174 ± 126 f f ± 376 t 

1-34 it 0.14stat -o!22syst 


DELPHI excl ISSSl 


36 19 ± 1 70 t t ± 1 98 t 

KJkJ.^ —1— -L.Wg-l^a-t; —1— .^.l_/gyg^ 


1 082 it 142 t t it 154 t 
1 32 ± 15«tpt ± 33„,«t 


Belle pTT] 


34.73 ±0.17,tat±l-02syst 
34.6±0.2,tat±1.0.yst 


1.214 ±0.034,tat±0.008,y,t 
1.214 ±0.034,tat±0.009,y,t 


BABM excl [368J 


34.09 ±0.30stat±l. oocyst 
34.7±0.3stat±l.Wst 


1.184 ±0.048stat±0.029syst 
1.18±0.05,tat±0.03,yst 


BABAR 


35.14 ±0.59,tat±1.33syst 
35.9±0.6,tat±1.4syst 


1.126 ±0.058stat±0.055syst 
1.16±0.06,tat±0.08,yst 


ii4ii4R global lit |361| 


35.83 ±0.20stat±1.10syst 
35.7 ± 0.2stat i l-2syst 


1.194 ±0.020stat±0.061syst 
1.21±0.02,tat±0.07,y,t 


Average 


35.90 ±0.11,tat±0.44,y,t 


1.207 ± 0.015stat ± 0.021,y,t 



fit is 



ch\ 



p 

i?l(l) 

^2(1) 



(35.90 ±0.45) X 10"^ 
1.207 ±0.026 , 
1.403 ±0.033 , 
0.854 ±0.020 , 



(158) 
(159) 
(160) 
(161) 
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and the correlation coefficients are 



PHi)\v.,\,P- = 0-324, (162) 

P^{i)|v;6l,i?i(i) = -0.109 , (163) 

Pnmct\,R2{i) = -0.063 , (164) 

Pp2,Ri{i) = 0.566 , (165) 

Pp^MW = -0.807, (166) 

pRi{i),R2ii) = -0.759 . (167) 

(168) 



The uncertainties and correlations quoted here include both statistical and systematic contri- 
butions. The of the fit is 29.7 for 23 degrees of freedom, which corresponds to a confidence 
level of 15.7%. An illustration of this fit result is given in Fig. H3l 




ALEPH 

31. 3± 1.8± 1.3 ^ 
CLEO 

40.0± 1.2± 1.6 
OPAL cxcl 
36.6± 1.6± 1.5 
OPAL partial reco 
37.2+ 1.2+ 2.3 
DELPHI partial reco 
35.4+ 1.4+ 2.3 
DELPHI cxcl 
36.2+ 1.7+ 2.0 
BELLE 
34.7+ 0.2+ 1.0 
BABAR cxcl 



F(l)xlV I [10"1 

ch 



e." 45 

b 



> 

X 40 



Oh 



35 
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b) 




ALEPH 
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HFAG 
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0.5 



1.5 



Figure 43: (a) Illustration of the ^-"(1)11^61 average, (b) Illustration of the ^-"(1)11^^1 vs. 
average. The error ellipses correspond to Ax^ = 1 (CL=39%). 



Using the form factor normalization J^{1) of the latest LQCD calculation j369] . 

J^(l) = 0.908 ±0.017 , (169) 

we obtain the following determination of |Vcfe| from Eq. I158[ 

\Vcb\ = (39.54 ± 0.50exp ± 0.74th) x 10-=^ , (170) 

where the first uncertainty is experimental and the second stems from the LQCD calculation. 

From each rescaled measurement in Table [50], we calculate the B — )■ D*i~Vi form factor 
J^{w) and, by numerical integration, the branching ratio of the decay B — )■ D*^i~Vi. For 
measurements which do not determine the parameters -Ri(l) and -R2(l) we assume the average 
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values Eqs. I16UI and 11611 The results are quoted in Table \5T\ The branching ratio found for 
the average values of ^-"(1)1 Vet], p^, -Ri(l) and -R2(l) is 

^ D*+rv) = (4.95 ± 0.11)% . (171) 

Again, this analysis assumes isospin symmetry although most of the measurements included 
are sensitive only to — )■ D*^i^V. For an independent analysis of the decay B^ — )■ D*^i~Vi, 
we have performed a simple 1-dimensional average of measurements sensitive to the decay 
B~ — )■ D*^i~Ve only, which is shown in Table |52l Fig. HH illustrates these two averages of 
B D*rVe. 

Table 51: B^ — )■ D*'^£~V branching fractions calculated from the rescaled measurements in 
Table [50} asumming the CLN parameterization of the form factor [358]. The branching ratios 
published in Refs. |36HI362] have been rescaled by the factor t{B^)/t{B~^). While the fit 
assumes isospin symmetry, most measurements included here use only the decay B^ — )■ D*^i~V. 



Experiment 


B(B° D*+i-V) [ 




(calculated) 


i3(B0 ^ D*+i-V) [ 


%] (published) 


ALEPH 


[363J 


5.38 ± 0.25,tat 


± 


0.30syst 


5.53 ± 0.26,tat 


it 0.52syst 


CLEO 


1360J 


5.64±0.18,tat 


± 


0.26syst 


6.09±0.19,tat 


± 0.40,y,t 


OPAL excl 


[364J 


5.06±0.19,tat 


± 


0.42,y,t 


5.11±0.19,tat 


± 0.49,y,t 


OPAL partial reco 


[364J 


5.48 ± 0.25,tat 


± 


0.53syst 


5.92 ± 0.27,tat 


± 0.68sy.t 


DELPHI partial reco 


[365J 


4.89±0.14,tat 


± 


0.72syst 


4.70±0.13,tat 


+0.36 
-0.31 syst 


DELPHI excl 


i366j 


5.37 ± 0.20,tat 


± 


0.38syst 


5.90 ± 0.22,tat 


± 0.50,y,t 


Belle 


[367] 


4.59 ± 0.03,tat 


± 


0.26syst 


4.58 ± 0.03,tat 


± 0.26syst 


BABAR excl 


[368] 


4.58 ± 0.04,tat 


± 


0.25syst 


4.69 ± 0.04,tat 


± 0.34,y,t 


BABAR D*^ 


[362J 


4.95 ± 0.07,tat 


± 


0.34,y,t 


5.15±0.07,tat 


± 0.38syst 


BABAR global fit 


[361J 


4.96 ± 0.02,tat 


± 


0.20syst 


5.00 ± 0.02,tat 


±0.19,y3t 


Average 


4.95 ± O.Olstat 


i 


: O.llsyst 


xVdof = 29.7/23 (CL=15.7%) 



Table 52: Average of the B — )■ D*^£ vt branching fraction measurements. This fit uses only 
measurements of B^ — t- D*^i~V£. 



Experiment 


BiB- D*^i-Ve) [%] (rescaled) 


BiB- D*^rVi) [%] (published) 


CLEO |360| 
BABAR tagged |3r()| 
BABAR |362| 
BABAR |361j 


6.61 ± 0.20stat ± 0.39syst 
5.72 ± 0.15stat ± 0.30syst 
5.35 ± 0.08stat ± 0.40syst 
5.43 ± 0.023tat ± 0.21,yst 


6.50 ± 0.20stat ± 0.43syst 
5.83±0.15stat±0.30syst 
5.56 ± 0.08stat ± 0.41syst 
5.40 ± 0.023tat ± 0.21syst 


Average 


5.70 ± 0.02stat ± 0.19syst 


xVdof = 9.1/3 (CL=2.8%) 



5.1.2 B D£-T7e 

Similarly, the average of B — )■ Di~Vi is also based on the CLN parameterization |358j . The 
form factor Qiw) of the decay is described by only two parameters: the normalization ^(l)|V^b| 
and the slope p^. 
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ALEPH 

5.38 ±0.25 ±0.30 
CLEO 

5.64±0.iS±0.26 
OPAL excl 
5.06 ±0.19 ±0.42 
OPAL partial reco 
5.48 ± 025 ±053 
DELPHI partial rcco 
4.89 ±014 ±0.72 
DELPHI excl 
5.37 ± 020 ± 0.38 
BELLE 

4.59 ± 0.03 ± 0.26 
BABAR excl 
4.58 ± 0.04 ± 0.25 
BABAR D*0 

4.95 + 0.07 ±034 
BABAR global fit 

4.96 ± 0.02 ± 0.20 

Average 

4.95±0.01±ail ^^^^1 
zVdof = 29.7/23 (CL =15.70 %) 



a) 



HFAG 



\EndOf201l\ 
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Figure 44: (a) Average branching fractions of exclusive semileptonic B decays B — > D*i uf. 
(a) ^ D*+rz7 (Table ED) and (b) B' D*^i-Ve (Table [52]). 



We use the measurements of these two form factor parameters shown in Table 1551 and correct 
them to match the latest values of the input parameters |359j . These measurements are sensitive 
to both isospin states (5° — )■ D~^i~V and B~ — )■ D^£~Vi). So, isospin symmetry is assumed in 
this analysis. 

Table 53: Measurements of -B — )► DfrVi in the parameterization of Caprini, Lellouch and 
Neubert (CLN) [358]. The average is the result of a 2-dimensional fit to the rescaled measure- 
ments of ^(l)|V^fe| and p^. The value of the combination is 0.5 for 8 degrees of freedom 
(CL=100.0%). The total correlation between the average ^(l)|Kb| and is 0.83. 



Experiment 


gil)\Vcb\ [10-^] (rescaled) 
^(1)1^61 [10^^] (published) 


(rescaled) 
(published) 


ALEPH [363J 


38.89 ± 11.80stat ± 6.09syst 
3Ll±9.9stat±8.6syst 


0.951 ± 0.980stat ± 0.357syst 
0.70 ± 0.98stat ± 0.50syst 


CLEO [37T] 


44.90 ± 5.97stat ± 3.30syst 
44.8 ± e.lstat ± 3.7syst 


1.270 ± 0.250stat ± 0.140syst 
1.30±0.27stat±0.14sy,t 


Belle |372j 


40.84 ±4.37stat±5.17syst 
4Ll±4.4,tat±5.1syst 


1.120 ±0.220stat±0.140syst 
1.12±0.22,tat±0.14,y,t 


BABAR global tit |361j 


43.42 ± 0.81stat ± 2.08syst 
43.1±0.8,tat±2.3syst 


1.204 ± 0.040stat ± 0.057syst 
1.20±0.04stat±0.07syst 


BABAR tagged |373j 


42.45 ± L88stat ± 1.05syst 
42.3 ± 1.9stat ± l.Osyst 


1.180 ±0.089stat±0.051syst 
1.20±0.09stat±0.04syst 


Average 


42.64 ± 0.72,tat ± 1.35syst 


1.186 ± 0.036stat ± 0.041syst 
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The form factor parameters are extracted by a two-dimensional fit to the rescaled measure- 
ments of ^(l)|Kfe| and taking into account correlated systematic uncertainties. The result 
of the fit reads 

^(l)l^^^l = (42.64 ± 1.53) X 10-3 , (172) 
p2 = 1.186 ±0.054, (173) 

with a correlation of 

PQii)\v..\,P- = 0-829 . (174) 
The uncertainties and the correlation coefficient include both statistical and systematic contri- 
butions. The of fit is 0.5 for 8 degrees of freedom, which corresponds to a confidence 
level of 100.0%. An illustration of this fit result is given in Fig. H5l 
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Figure 45: (a) Illustration of the ^(l)|Kfe| average, (b) Illustration of the ^(l)|V^b| vs. 
average. The error ellipses correspond to Ax^ = 1 (CL=39%). 



The most recent result obtained for the form factor normalization in LQCD is |374j 

^(1) = 1.074 ±0.024 , (175) 

which can be used to turn Eq. 11721 into a determination of |V"cf,|, 

\Vcb\ = (39.70 ± 1.42exp ± 0.89th) x 10"^ , (176) 

where the first error is experimental and the second theoretical. This number is in excellent 
agreement with \Vcb\ obtained from decays B — )■ D*i~Vi, Eq. 11701 

From each rescaled measurement in Table [531 have calculated the B — > Di^Vi form 
factor Q (w) and, by numerical integration, the branching ratio of the decay B^ — > D~^i~V. The 
results are quoted in Table [511 and illustrated in Fig. [l6l The branching ratio found for the 
average values of ^(l)|Kf)| and is 

B{B^ D+rv) = (2.13 ± 0.09)% . (177) 
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Table 54: B — t- D~^i~Vi branching fractions calculated from the rescaled measurements in 
Table [531 asumming the CLN parameterization of the form factor |358j . The fit assumes 
isospin symmetry. 



Experiment 


B(B^ D+e-ue) [%] (calculated) 


B(B^ D+i-Ui) [%] (published) 


ALEPH [3531 
CLEO [371| 
Belle [372| 
BABAR global fit [36 Ij 
BABAR tagged |373] 


2.16±0.18stat±0.46,y3t 
2.19±0.163tat±0.35,yst 
2.07±0.123tat±0.523y3t 

2.18± 0.033tat±0.133y3t 
2.12±0.103tat± 0.063yst 


2.35 ± 0.203tat ± 0.443y3t 

2.20±0.163tat±0.193y3t 
2.13±0.123tat± 0.393y3t 
2.34± 0.033tat±0.133y3t 
2.23±0.1l3tat±0.1l3yst 


Average 


2.13±0.033tat ±0.09syst 


xVdof = 0.5/8 (CL=100.0%) 



ALEPH 

2.16 + 0.1810.46 



CLEO 

2.19 + 0.1610.35 



BELLE 

2.07 + 012 + 0.52 



BABAR global fit 
2.18 + 0.03 + 0.13 



BABAR lagged 
2.12 + 0.10 + 0.06 



Average 

2.13 + 0.03 + 0.09 
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Figure 46: Average branching fraction of exclusive semileptonic B decays B^ — > D~ 
h\e^^. The fit assumes isospin conservation. 



'ui (Ta- 



This analysis assumes isospin symmetry. 

We have also performed simple 1-dimensional averages of measurements of B^ — )■ D^i^V 
and B~ — ?■ D^£~Vi. These fits are shown Tables [55] and [56] 

5.1.3 B D^*Ki-V^ 

The average inclusive branching fractions for B — t- D*TTi^V£ decays, where no constrain is 
applied to the hadronic D^*'^n system, are determined by the combination of the results provided 
in Table [57] for B^ D^n+e-ue, B° 0*^71+ tV^, B' D^-n-rVi, and B' D*+n~e-Ve. 
The measurements included in the average are scaled to a consistent set of input parameters 
and their errors [359]. 

For both the BABAR and Belle results, the B semileptonic signal yields are extracted from 
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Table 55: Average of the 5° — )■ D^l v branching fraction measurements. This fit uses only 
measurements of 5° — )■ D^CrV. 



Experiment 


^ D+rv) [%] (rescaled) 


^ D+rv) [%] (pubhshed) 


ALEPH |363| 
CLEO 1371] 
Belle P72] 
BABAR [270] 


2.29±0.18stat±0.35syst 
2.13±0.13stat±0.15,yst 
2.10 ± 0.12stat ± 0.39,yst 

2.21±0.11stat±0.12,yst 


2.35 ± 0.20stat ± 0.44syst 
2.20±0.16stat±0.19syst 
2.13±0.123tat±0.39syst 

2.21±0.11stat±0.12syst 


Average 


2.18 ± 0.06stat ± O.lO^yst 


xVdof = 0.2/3 (CL=97.4%) 



Table 56: Average of the B — t- vi branching fraction measurements. This fit uses only 
measurements of B^ — t- D^i~Vi. 



Experiment 


B[B~ DH~Ve) [%] (rescaled) 


B{B- D^tVe) [%] (pubhshed) 


CLEO [37T| 
BABAR [370] 


2.21±0.13stat±0.17syst 
2.28 ± 0.093tat ± 0.09syst 


2.32 ± 0.17stat ± 0.20syst 

2.33 ± 0.09stat ± 0.09syst 


Average 


2.26 ± O.OTstat ± O.OSsyst 


xVdof = 0.1/1 (CL=76.0%) 



a fit to the missing mass squared in a sample of fully reconstructed BB events. 
Figure HT] illustrates the measurements and the resulting average. 

Table 57: Average of the branching fraction B — )■ D^*^Tr~i~T'{: and individual results. 



Experiment 


B{B- D+TT-i-Vi) 


%] (rescaled) 


Belle |375| 
BABAR [370] 


0.42 ± 0.04,tat ± 0.05,yst 
0.42 ± O.OGstat ± 0.03,yst 


Average 


0.42 ± 0.05 xVdof = 0.001 (CL=97%) 


Experiment 




%] (rescaled) 


Belle [375J 
BABAR [370] 


0.67 ± 0.08stat ± 0.07,yst 
0.59 ± 0.05stat ± 0.04,yst 


Average 


0.61 ± 0.05 xVdof = 0.15 (CL=69%) 


Experiment 


B(^ D^7T+i-Ve)[%] (rescaled) 


Belle [375J 
BABAR [370J 


0.43 ± 0.07stat ± 0.05,yst 
0.43 ± 0.08stat ± 0.03,yst 


Average 


0.43 ± 0.06 xVdof = 0.002 (CL=97%) 


Experiment 


BiE" D*%+e-Ve)[%] (rescaled) 


Belle [375] 
BABAR [370\ 


0.57 ± 0.21,tat ± 0.07syst 
0.48 ± 0.08stat ± 0.04syst 


Average 


0.49 ± 0.08 X^'/dof = 0.15 (CL=69%) 



122 



BELLE 






a) 


0.43 + 0.07 + 0.05 


; 






BABAR 








0.42 ± 0.08 ± 0.03 


















; 


k ' 






1 


1 


III 



0.2 



0.4 0.6 
BCB^^D^Jl-'lv) [%] 



BELLE 






c) 


0.42 + 0.04 ± 0.05 


^ — ' 


i 1— 




BABAR 








0.43 ± 0.06 ± 0.03 


















, 


k ' 














1 


1 


III 


0.2 


0.4 


0.6 



BELLE 




b) 
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Figure 47: Average branching fraction of exclusive semileptonic B decays (a) B — t- D^n^i Ui, 
(b) 5° ^ D*°7r+£-I7^, (c) B- D+n-i-Ve, and (d) fi" D*+n-frVe. The corresponding 
individual results are also shown. 



5.1.4 B D**l-Vi 

The D** mesons contain one charm quark and one light quark with relative angular momentum 
L = 1. According to Heavy Quark Symmetry (HQS) [376j . they form one doublet of states 
with angular momentum j = Sq + L = 3/2 [Di (2420), 1^2(2460)] and another doublet with 
j = 1/2 [Dq (2400), (2430)], where Sq is the light quark spin. Parity and angular momentum 
conservation constrain the decays allowed for each state. The Di and D2 states decay through 
a D-wave to D*tx and D^*^7[, respectively, and have small decay widths, while the Dq and D[ 
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states decay through an S-wave to Dtt and D*7r and are very broad. For the narrow states, 
the average are determined by the combination of the resuhs provided in Table |58] and [59] 
for B{B~ D^^{D*+Tr-)i-Ve) x B{D^^ D*+tt-) and B{B- D0(D*+7r-)r z7^) x B{D^2 -> 
D*~^TT^). For the broad states, the average are determined by the combination of the results 
provided in Table EU] and ED for B{B- (D*+7r-)r77^) x B{Df D*+n-) and B{B- 

D"^ {D^ 'K^)l~T' f) X B{Dq^ —7- D^Ti^). The measurements included in the average are scaled to 
a consistent set of input parameters and their errors [359] . 

For both the B-factory and the LEP and Tevatron results, the B semileptonic signal yields 
are extracted from a fit to the invariant mass distribution of the D^*''~^7i~ system. Apart for the 
CLEO and Belle results, the other measurements are for the final state B — )■ D2{D*^'n-^)X£^V£. 
We assume that no particle is left in the X system. Figure [H] and [l9]illustrate the measurements 
and the resulting average. 

Table 58: Average of the branching fraction B{B- D\{D*+^-)(.-Vi) x B{Dl D*+^-)) 
and individual results. 



Experiment 




B{B- ^ Dl{D*+7r-)£-ue))[%] 


B{B- ^ D'l{D*+7r-)£-ue))[%] 






(rescaled) 


(published) 


ALEPH 


[377| 


0.45±0.10,tat±0.07syst 


0.47 ± 0.098,tat ± 0.074,yst 


OPAL 


[37S1 


0.59±0.21,tat±0.10syst 


0.698 ±0.21stat±0.10,yst 


CLEO 


|379| 


0.35 ± 0.09,tat ± 0.06,yst 


0.373 ± 0.085,tat ± 0.057,yst 


DO 


|380| 


0.22 ± 0.023tat ± 0.04,y,t 


0.219 ± 0.018stat ± 0.035,y,t 


Belle Tagged B' 


[3ZS1 


0.44 ± 0.07,tat ± 0.06,y,t 


0.42 ± 0.07stat ± 0.07,y,t 


Belle Tagged 




0.60 ± 0.20,tat ± 0.08,yst 


0.42 ± 0.07stat ± 0.07syst 


BABAR Tagged 


m 


0.28 ± 0.03,tat ± 0.03,y,t 


0.29 ± 0.03stat ± 0.03,y,t 


BABAR Untagged B' 




0.29 ± 0.02,tat ± 0.02,y,t 


0.30 ± 0.02,tat ± 0.02,y,t 


BABAR Untagged 5° 


|382j 


0.30 ± 0.03,tat ± 0.03syst 


0.30 ± 0.02stat ± 0.02,y,t 


Average 


0.285 ± 0.018 


xVdof = 11.0/8 (CL=13.3%) 



Table 59: Average of the branching fraction B{B- D^{D*+n-)i-Ve) x B{D^ D*+n-)) 
and individual results. 



Experiment 




B(B- - 




D^^{D*+7r- 




B{B- ^ D^^{D*+7r-)i-17e))[%] 










(rescaled) 




(published) 


CLEO 


1379] 


0.055 ± 0.07,tat ± 


0.01,y,t 


0.059 ± 0.066,t,t ± 0.01l3y.t 


DO 


pSD] 


0.088 


± 


0.018,tat ± 


0.0203yst 


0.088 ± 0.0183tat ± 0.0203yst 


Belle 




0.187 


± 


0.060,tat ± 


0.025syst 


0.18±0.063tat±0.03,y,t 


BABAR Tagged 


1381] 


0.068 


± 


0.009stat ± 


0.016syst 


0.068 ± 0.009stat ± 0.016syst 


BABAR Untagged B~ 


|382] 


0.089 


± 


0.009stat ± 


0.007syst 


0.087 ± 0.0133tat ± 0.0073yst 


BABAR Untagged B° 


[382! 


0.066 


± 


O.OlOstat ± 


0.006syst 


0.087 ± 0.013stat ± 0.007syst 


Average 




0. 


074 ± 0.007 


xVdof = 7.3/5 (CL=20%) 
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Table 60: Average of the branching fraction B{B- D[°{D*+Tr-)i-Ve) x B{D[^ D*+tt-)) 
and individual results. 



Experiment 


B{B- ^ D[''{D*+7i-)e-Ve))[%] 
(rescaled) 


B{B- ^ D['>{D*+7r-)£-Ve))[%] 
(published) 


DELPHI 
Belle 

BABAR |381j 


0.74±0.17stat±0.18syst 
-0.03 ± 0.06,tat ± O.OTsyst 
0.27 ± 0.04stat ± 0.04syst 


0.83±0.17stat±0.18syst 
-0.03 ± 0.06stat ± 0.07syst 
0.27±0.04stat±0.05syst 


Average 


0.13 ± 0.04 


xVdof = 18./2 (CL=0.001%) 



Table 61: Average of the branching fraction B{B- D*°{D+n-)i-Vi) x B{D*^ D+n-)) 
and individual results. 



Experiment 


B{B- ^ D*%D+n-)i-Ve))[%] 
(rescaled) 


BiB- ^ DfiD+n-)i~V,))[%] 
(published) 


Belle Tagged [375J 
Belle Tagged B° |375j 
BABAR Tagged |381j 


0.25 ± 0.04stat ± 0.06syst 
0.23 ± 0.08,tat ± 0.06syst 
0.32 ± 0.04,tat ± 0.05syst 


0.24 ± 0.04,tat ± 0.06syst 
0.24 ± 0.04stat ± 0.06syst 
0.26 ± 0.05stat ± 0.04syst 


Average 


0.29 ± 0.05 


xVdof = 0.83/2 (CL=66%) 



ALEPH 

0.45±0.10±0.U7 
OPAL 

0.59 + 0.21±0.10 
CLEO 

0.35 + 0.09 ± 0.06 



BELLE B+ 
0.44 + 0.07 ± 0.06 

BELLE BO 
0.60 ± 0.20 ± 0.08 

BABAR Tagged 
0.28 ± 0.03 ± 0.03 

BABAR Unlaggcd B+ 
0.29 ± 0.02 ± 0.02 

BABAR Untagged BO 
0,30 ± 0.03 ± 0.03 



HFAG 



\EndOt201l\ 



a) 



,-/(iof^ 11.0/8(CL= 13.30%) 



0.5 1 

B(B"^D?1"v)B(D''^D*"'7I-) [%] 



CLEO 


1 


1 


b) 


0.05 ±0.07 ±0.01 
DO 

0.09 ± 0.02 ± 0.02 






BELLE 

0.19 ±0.06 ±0.03 








BABAR Tagged 
0.05 ±0.01 ±0.01 








BABAR Unlagged B+ 
0.09 ±0.01 ±0.01 








BABAR Untagged BO 
0.07 ±0.01 ±0.01 




R 





^^^^^V Average ^^^^^^^^^^H 
^^^^P 0.07 ±0.01 ^^^^^^^^B 




mm 1 

\End Of201l\ 

X-/<io{ ^ 7.3/| 5 (CL ^ 20.00 9c) | 
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Figure 48: Average of the product of branching fraction (a) B{B — t- 
i3(D° ^ D*+Tr-) and (b) B{B- D0(Z}*+7r-)rz7^) x B{D^2 D*+tx- 
individual results are also shown. 



Dl{D*+'K-)tVi) X 
I The corresponding 
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DELPHI 

0.74±0.17±0.18 

BELLE 

-0.03 ±0.06 ±0.07 ' 

BABAR 

0.27 ±0.04 ±0.04 

Average 
0.14±0.05 
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HFAG 
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\ End Of 2011] 

x'/dol'^ 18.0/ 2 (CL = 0.00 9i } 

\ I \ \ \ \ 



-0.5 



0.5 1 
B(B" D'° V V) BCD'" D** 71) [%] 








BELLE Tagged B+ 
0.25 ±0.04 +0.06 

BELLE Tagged BO 
0.23 ±0.08 +0.06 

BABAR Tagged 
0.32 ±0.04 ±0.05 



Average 
0.29 ±0.05 
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HFAG 



\EndOf201l\ 

X /dof ^ 1 3 .2/ 2 (CL ^ 66.00 %) 
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Figure 49: Average of the product of branching fraction (a) B{B — t- Df {0*^71 )£ ue) x 
B{D'^ D*+7r-) and (b) B{B- D*^{D*+7i-)i~Ve) x B{D*'^ D+n-) The corresponding 
individual resuhs are also shown. 



5.2 Inclusive CKM-favored decays 
5.2.1 Global analysis oi B XJ~Vi 

The semileptonic width T(B ^ Xci'T'e) has been calculated in the framework of the Operator 
Product Expansion. The result is a double-expansion in AqcD/mb and a^, which depends on 
a number of non-perturbative parameters. These parameters can be measured using other 
observables in 5 — )■ Xci'T'e decays, such as the moments of the lepton energy and the hadronic 
mass spectrum. 

Two independent sets of theoretical expressions, referred to as kinetic |384H386j and IS 
schemes |387j are available for this kind of analysis. The non-perturbative parameters in the 
kinetic scheme are: the quark masses and nic, //^ and fiQ at 0(1/ ml), and pf, and at 
0{l/ml). In the IS scheme, the parameters are: m^, Ai at 0(l/m^), and pi, ri, T2 and T3 at 
0{l/ml). Note that due to the different definitions, the results for the quark masses cannot be 
compared directly between the two schemes. 

Our analysis uses all available measurements of moments in i? — )■ X^i'Vi, excluding only 
points with too high correlation to avoid numerical issues. The list of included measurements 
is given in Table [621 The only external input is the average lifetime tb of neutral and charged 
B mesons, taken to be (1.582 ± 0.007) ps (Sect. ED . _ 

Both in the kinetic and IS scheme, the moments in i? — > Xci~Vi are not sufficient to 
constrain the 6-quark mass precisely, which limits the precision of the determination of |V^b|. 
This limitation can be overcome: 

• by including the photon energy moments in i? — )■ Xg'j into the fit, or 

• by applying a precise constraint on the c-quark mass. 
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Table 62: Experimental inputs used in the global analysis of -B — )■ Xci~Vi. n is the order of 
the moment, c is the threshold value in GeV. In total, there are 29 measurements from BABAR, 
25 measurements from Belle and 12 from other experiments. 



Experiment 


Hadron moments {M^) 


Lepton moments (£"") 


Photons moment (ii^") 


BABAR 


n = 2, c = 0.9, 1.1,1.3, 1.5 
n = 4, c = 0.8, 1.0, 1.2, 1.4 
n = 6, c = 0.9, 1.3 [350] 


n = 0, c = 0.6, 1.2,1.5 

n = 1, c = 0.6,0.8, 1.0, 1.2, 1.5 

n = 2, c = 0.6, 1.0,1.5 

n = 3, c = 0.8, 1.2 [HmHI^ 


n = 1, c= 1.9,2.0 

n = 2. c= 1.9 |388ll389j 


Belle 


n = 2, c = 0.7, 1.1,1.3,1.5 
n = 4, c = 0.7,0.9, 1.3 


n = 0, c = 0.6, 1.0, 1.4 

n = l, c = 0.6,0.8, 1.0, 1.2, 1.4 

n = 2, c = 0.6, 1.0, 1.4 

n = 3, c = 0.8, 1.0, 1.2 ^394j 


n = 1, c= 1.8,1.9 
n = 2, c= 1.8,2.0 


CDF 


n = 2, c = 0.7 

n = 4, c = 0.7 |395| 






CLEO 


n = 2, c= 1.0,1.5 

n = 4, c= 1.0,1.5 |397j 




n = l, c = 2.0 pt^B] 


DELPHI 


n = 2, c = 0.0 

n = 4, c = 0.0 P531 


n = 1, c = 0.0 
n = 2, c = 0.0 
n = 3, c = 0.0 PES] 





For the former, calculations of the B — moments are available both in the kinetic [398] 
and the IS scheme |387j . For the latter, we use the c-quark mass calculated in Ref. |399j in the 
kinetic scheme analysis, 

m5^(3 GeV) = (0.998 ± 0.029) GeV . (178) 
5.2.2 Analysis in the kinetic scheme 

The fit relies on the calculations of the spectral moments in i? — ?► Xcl^Vi decays described in 
Ref. [386]. The photon energy moments are calculated in Ref. |398] . The theoretical uncer- 
tainties and correlations are estimated as explained in Ref. |400] . Namely, we assume 100% 
correlation between calculations of the same moment at different threshold values and no the- 
ory correlation between different moments. The fit determines \Vcb\ and the 6 non-perturbative 
parameters mentioned above. 

The result of the fit using the c-quark mass constraint is 

\Vcb\ = (41.88 ± 0.73) X 10~^ , (179) 
m^'' = 4.560 ± 0.023 GeV , (180) 
fil = 0.453 ± 0.036 GeV^ , (181) 

with a of 33.4 for 55 — 7 degrees of freedom. The detailed result of the fit is given in 
Table [631 This result is also consistent with the fit using the B — )■ Xgj constraint (Table [6ljl . 
An illustration of the fit is given in Fig. [SOI 

The fit using the c-quark mass constraint yields a i? — > X^l'Vp branching fraction of 

B(B XJ-Ve) = (10.51 ± 0.13)% . (182) 
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Table 63: Fit result in the kinetic scheme, using a precise c-quark mass constraint. The error 
matrix of the fit (cTfit) contains experimental and theoretical contributions. The expression for 
calculating \ Vcb\ has an additional uncertainty of 1.4% (ath)- In the lower part of the table, the 
correlation matrix of the parameters is given. 





1/ 1 fin-3i 

Vcb\ [-LU J 


™kin \r^„\A 


[LreVJ 


Ptt L'^eV J 


Pd ['^^^ \ 


Pg i'^eV J 


Pls l^eV J 


value 


4i.eo 


4.0DO 


i.UiO 


n /ICO 
0.453 


r\ 1 /I 
0.164 


0.2/9 


r\ 1 /I n 
— 0.140 




0.44 


0.023 


0.027 


0.036 


0.020 


0.043 


0.086 


0"th 


0.59 














\Vcb\ 


1.000 


-0.164 


0.137 


0.089 


0.328 


-0.324 


0.146 


^kin 




1.000 


0.745 


-0.117 


-0.177 


0.128 


-0.179 








1.000 


-0.199 


-0.006 


-0.433 


0.258 


pI 








1.000 


0.335 


-0.109 


-0.078 


Pi 










1.000 


-0.308 


-0.238 


Pg 












1.000 


-0.323 


pIs 














1.000 



Table 64: Fit result in the kinetic scheme for different constraints. Refer to the text for more 
details. 



Constraint 






[10-'] 




m^'' [GeV] 


f^l [GeV^] 


xVd.o.f. 


mfS(3 GeV) 


41.94 ± 0.43fit ± 0.59th 
41.88 ± 0.44fit ± 0.59th 


4.574 ± 0.032 
4.560 ± 0.023 


0.459 ±0.037 
0.453 ± 0.036 


27.0/(66 - 7) 
33.4/(55 - 7) 



Correcting for charmless semileptonic decays (Sect. [5^ . B{B X„f z/^) = (2.08±0.30) x 10 ^, 
we obtain the semileptonic branching fraction, 

B(B XrVe) = (10.72 ± 0.13)% . (183) 
5.2.3 Analysis in the IS scheme 

The fit relies on the calculations of the spectral moments described in Ref. |387] . The theoretical 
uncertainties are estimated as explained in Ref. |400] . Only trivial theory correlations, i.e., 
between the same moment at the same threshold are included in the analysis. The fit determines 
|V"cfe| and the 6 non-perturbative parameters mentioned above. 
The result of the fit using the B — )■ Xgj constraint is 

\Vcb\ = (41.96 ± 0.45) X 10"' , (184) 
= 4.691 ± 0.037 GeV , (185) 
Ai = -0.362 ± 0.067 GeV^ , (186) 

with a of 23.0 for 66 — 7 degrees of freedom. The detailed result of the fit is given in Table [65l 
This result is consistent with the fit using the B — )■ Xci'i^i data only (Table 1^ . 



128 



0.4- 



0.35L 



y constraint 
nic constraint 



4.55 



4.6 

rrib (GeV) 



0.041 



0.04 



y constraint 
m„ constraint 



4.55 



4.6 

rrib (GeV) 



Figure 50: Ax^ = 1 contours of the fit result in the kinetic mass scheme. 

Table 65: Fit result in the IS scheme, using B — )■ Xg'-f moments as a constraint. In the lower 
part of the table, the correlation matrix of the parameters is given. 





[GeV] 


Ai [GeV] 


Pi [GeV^] 


ri [GeV^] 


T2 [GeV^] 


r3 [GeV^] 


\Vcb\ [10-^^] 


value 


4.691 


-0.362 


0.043 


0.161 


-0.017 


0.213 


41.96 


error 


0.037 


0.067 


0.048 


0.122 


0.062 


0.102 


0.45 




1.000 


0.434 


0.213 


-0.058 


-0.629 


-0.019 


-0.215 


Ai 




1.000 


-0.467 


-0.602 


-0.239 


-0.547 


-0.403 


Pi 






1.000 


0.129 


-0.624 


0.494 


0.286 










1.000 


0.062 


-0.148 


0.194 












1.000 


-0.009 


-0.145 














1.000 


0.376 
















1.000 



Table 66: Fit result in the IS scheme for different data sets. 



Data 




Kb 


[10-^] 


m^^' [GcV] 


Ai [GeV2] 


xVd.o.f. 


Xc^v and 
Xc^v only 


41.96 ±0.45 
42.37 ±0.65 


4.691 ±0.037 
4.622 ± 0.085 


-0.362 ±0.067 
-0.412 ±0.084 


23.0/(66 - 7) 
13.7/(55 - 7) 



5.3 Exclusive CKM-suppressed decays 

In this section, we list results on exclusive charmless semileptonic branching fractions and de- 
terminations of \Vub\ based on i? — T[tP decays. The measurements are based on two different 
event selections: tagged events, in which case the second B meson in the event is fully recon- 
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structed in either a hadronic decay {^^Breco") ot in a CKM-favored semileptonic decay ("SL"); 
and untagged events, in which case the selection infers the momentum of the undetected neu- 
trino based on measurements of the total momentum sum of detected particles and knowledge 
of the initial state. We present averages for B — )■ piV and B — )• ujlV. Moreover, the average for 
the branching fraction B rjiV is presented for the first time. 

The results for the full and partial branching fraction for B — )■ irtP are given in Table 1671 
and shown in Figure 151] (a). 

When averaging these results, systematic uncertainties due to external inputs, e.g., form 
factor shapes and background estimates from the modeling of -B — )■ X^ily and B — )■ Xu£v de- 
cays, are treated as fully correlated (in the sense of Eq. [10]). Uncertainties due to experimental 
reconstruction effects are treated as fully correlated among measurements from a given exper- 
iment. Varying the assumed dependence of the quoted errors on the measured value for error 
sources where the dependence was not obvious had no significant impact. 



BABAR had. tag: B* 
1.52 + 0.41 + 0.30 
BELLE had. tag: B* - 
1.22 ±0.22 ±0.05 
BABAR si. tag: B+ - 
1.7S±a28±0.15 
BELLE sL tag: B* 
1.41±0.26±0.15 
BABAR had. tag: b" 
1.07 ±0.27 ±0.19 

BELLE had. tag: B° - 
1.12±ai8±0.0? 

BABAR si. tag: b"^ 
1.39 ±0.21 ±0.08 
BELLE sL tag: b' 
1.42±0.19±0.15 
CLEO untagged: B ^ 7t I v 
1.38±ai5±0.11 

BABAR untagged (5 q' bins): B - 

1.41 ±0.05 ±0.08 

BABAR untagged ( 1 2 q" bins): B 

1 .42 ± 0.05 ± 0.07 

BELLE untagged: B° ^ 7f 1* v 
1.49 ±0.04 ±0.07 
Average: b" — > 7C" I"^v 
1.42±0.03±0.04 

x'/dof = 7.4/1 1 (CL = 77.00 %) 



— > 7t r V X 2 T(/t.^ 
-> 7U° r V X 2 Tj/T^ 
> jt" 1^ V X 2 zjx^ 

— > 71" l^v 

^ 7t" 1* V 
■ 7t " 1^ V 

^ 71" r V 



a) 



■ 7C 1 V 

— > 7t" r V 



HFAG 



I \EndOf201l\ 



-2 



2 
B(B'^^7t- rv) [X IQ-^] 



CLEO untagged: B -> p T V 

2.75 ±0.41 ±0.52 

CLEO untagged: B° ^ p T V 

2.93 ±0.37 ±0.37 

BELLE B„„ tag:: B" ^ p I* V 

2.56 ±0.46 ±0.1 3 

BELLE B„,„ tag:: B* p" T V 

3.38 ± 0.43 ±0.L5 

BELLE SL tag: B° -> p 1* V 

2.24 + 0.54 10.31 

BELLE SL tag: B+ ^ p° 1+ V 

2.54 ±0.43 ±0.33 

BABAR untagged: B° ^ p 1* V 

1.98±0.2I±0.38 

BABAR untagged: B+ ^ p° T V 
1.87±0.19±0.32 
Average: B — > p' 1^ "V 
2.61 + 0.1510.16 

x'/dof = 7.4/ 7 (CL = 39.00 %) 



-b) 



HFAG 



\EndOf201l\ 



2 4 
B(B°^p- rv) [X 10-^] 



Figure 51: (a) Summary of exclusive determinations of B{B — )■ iriV) and their average. Mea- 
sured branching fractions for B — t- tt^Iu have been multiplied by 2 x tbo/tb+ in accordance 
with isospin symmetry. The labels ''Breco" and "SL" refer to type of B decay tag used in 
a measurement, "untagged" refers to an untagged measurement, (b) Summary of exclusive 
determinations of B{B — )■ piV) and their average. 



The determination of \Vub\ from B — )■ niu decays is shown in Table EHl and uses our 
averages for the partial branching fractions given in Table [671 Two theoretical approaches are 
used: unquenched Lattice QCD and QCD light-cone sum rules. Lattice calculations of the 
form factors are limited to small hadron momenta, i.e. large q^, while calculations based on 
light-cone sum rules are restricted to small q^. 

An alternative method to determine \Vub\ from B — t- niV decays that makes use of the 
measurement over the full range is based on a simultaneous fit of the BCL (Bourrely, Caprini, 
Lellouch) form factor parameterization to the data and the LQCD predictions. The result 
of the simultaneous fit to the three untagged measurements from BABAR and Belle and the 
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FNAL/MILC LQCD calculations is shown in Figure|S2 A value of |Kfc| = (3.23 ±0.30) x lO'^ 
is obtained. 




Figure 52: Simultaneous fit of the untagged B — )■ Triu measurements from BABAR and Belle 
and the FNAL/MILC LQCD calculations. This fit yields \Vub\ = (3.23 ± 0.30) x 10"^ 



The branching fractions for B ptP decays is computed based on the measurements in 
Table [69] and is shown in Figure [51] (b). The determination of \Vub\ from these other channels 
looks less promising than for B — )■ 7r£z7 and at the moment it is not extracted. 

We also report the branching fraction average for B — )■ B — )► rftV and B — )■ rf'tV. The 
measurements for B — )■ utP are reported in Table [70] and shown in Figure [53], while the ones 
for B — )■ rjtP and B — )■ r]'tP are reported in Table [71] and [72], and are shown in Figure [51] 

5.4 Inclusive CKM-suppressed decays 

The large background from B — )■ Xcl^v^ decays is the chief experimental limitation in determi- 
nations of \Vuh\- Cuts designed to reject this background limit the acceptance for B — )■ Xud-^vi 
decays. The calculation of partial rates for these restricted acceptances is more comphcated 
and requires substantial theoretical machinery. In this update, we use several theoretical calcu- 
lations to extract \Vub\- We do not advocate the use of one method over another. The authors 
for the different calculations have provided codes to compute the partial rates in limited regions 
of phase space covered by the measurements. Latest results by Belle [416] and BABAR |417j ex- 
plore bigger and bigger portions of phase space, with a consequent reduction of the theoretical 
uncertainties. 

For the averages we performed, the systematic errors associated with the modeling of -B — )■ 
Xf-d^Vf^ and B — > X^d-^v^ decays and the theoretical uncertainties are taken as fully correlated 
among all measurements. Reconstruction-related uncertainties are taken as fully correlated 
within a given experiment. We use all results published by BABAR in [417j . since the statistical 
correlations are given. To make use of the theoretical calculations of Ref. |418j . we restrict the 
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BELLE 

1.19±().32±0.()6 
BABAR 
1.14± 0.16 ±0.08 
Average 



1.15±0.14±0.06 
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Figure 53: (a) Summary of exclusive determinations of B{B — t- utu) and their average. 
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Figure 54: (a) Summary of exclusive determinations of B{B — )• rjiu) and their average, (b) 
Summary of exclusive determinations of B{B — )> rj'iv) and their average. 



kinematic range in Mx and g^, thereby reducing the size of the data sample significantly, but 
also the theoretical uncertainty, as stated by the authors [418] . The dependence of the quoted 
error on the measured value for each source of error is taken into account in the calculation of 
the averages. Measurements of partial branching fractions for B — )■ X„£"^z/^ transitions from 
T(4S') decays, together with the corresponding accepted region, are given in Table [73l The 
signal yields for all the measurements shown in Table [73] are not rescaled to common input 
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values of the B meson lifetime (see Sect. and the semileptonic width |419] . 

It has been first suggested by Neubert [420j and later detailed by Leibovich, Low, and Roth- 
stein (LLR) |421] and Lange, Neubert and Paz (LNP) |422j . that the uncertainty of the leading 
shape functions can be eliminated by comparing inclusive rates for B — )■ X^^+z/^ decays with 
the inclusive photon spectrum in i? — > Xgj, based on the assumption that the shape functions 
for transitions to light quarks, u or s, are the same to first order. However, shape function 
uncertainties are only eliminated at the leading order and they still enter via the signal models 
used for the determination of efficiency. For completeness, we provide a comparison of the 
results using calculations with reduced dependence on the shape function, as just introduced, 
with our averages using different theoretical approaches. Results are presented by BABAR in 
Ref. |423] using the LLR prescription. In another work (Ref. |424] ). \Vub\ was extracted from 
the endpoint spectrum of i? — ?■ X^i'^i'e from BABAR |425] . using several theoretical approaches 
with reduced dependence on the shape function. In both cases, the photon energy spectrum in 
the rest frame of the 5-meson by BABAR |388j has been used. 

5.4.1 BLNP 

Bosch, Lange, Neubert and Paz (BLNP) |432H435] provide theoretical expressions for the triple 
differential decay rate for B — )■ X^i'^i'i events, incorporating all known contributions, whilst 
smoothly interpolating between the "shape-function region" of large hadronic energy and small 
invariant mass, and the "OPE region" in which all hadronic kinematical variables scale with the 
6-quark mass. BLNP assign uncertainties to the 6-quark mass which enters through the leading 
shape function, to sub-leading shape function forms, to possible weak annihilation contribu- 
tion, and to matching scales. The BLNP calculation uses the shape function renormalization 
scheme; the heavy quark parameters determined from the global fit in the kinetic scheme, de- 
scribed in l5.2.2[ were therefore translated into the shape function scheme by using a prescription 
by Neubert |l36lll37]. The resulting parameters are mb{SF) = (4.588 ± 0.023 ± 0.011) GeV, 
fxKSF) = (0.189 ± 0.041^q;q4q) GeV^, where the second uncertainty is due to the scheme trans- 
lation. The extracted values of \Vub\ for each measurement along with their average are given 
in Table El] and illustrated in Figure ESI The total uncertainty is 159% and is due to: statis- 
tics (+11%), detector B XJ+ue model B -> XJ+u^ model heavy 
quark parameters (+2i%), SF functional form (+o;3%), sub-leading shape functions (+o;7%), 
BLNP theory: matching scales /i, {'^1'^%), and weak annihilation (+'j';7%). The error on 
the HQE parameters (6-quark mass and /x^) is the source of the largest uncertainty, while the 
uncertainty assigned for the matching scales is a close second. The uncertainty due to weak 
annihilation has been assumed to be asymmetric, i.e. it only tends to decrease \Vub\- 

5.4.2 DGE 

J.R. Andersen and E. Gardi (Dressed Gluon Exponentiation, DGE) |438j provide a frame- 
work where the on-shell 6-quark calculation, converted into hadronic variables, is directly used 
as an approximation to the meson decay spectrum without the use of a leading-power non- 
perturbative function (or, in other words, a shape function). The on-shell mass of the 6-quark 
within the 5-meson {mb) is required as input. The DGE calculation uses the MS renormaliza- 
tion scheme; the heavy quark parameters determined from the global fit in the kinetic scheme, 
described in I5.2.2[ were therefore translated into the MS scheme by using a calculation by 
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Figure 55: Measurements of \Vub\ from inclusive semileptonic decays and their average based 
on the BLNP prescription. "E^", "M^", "(Mx,?^)", "P+", "p* and "(^^,5^'')" indicate the 
distributions and cuts used for the measurement of the partial decay rates. 



Gardi, giving mb(MS) = (4.194 ± 0.043) GeV. The extracted values of \Vub\ for each measure- 
ment along with their average are given in Table [71] and illustrated in Figure |56l The total 
error is tts^; whose breakdown is: statistics {ti^%), detector B — > Xcd^vi model 

(1};3%), B Xui^Ui model strong coupling (lae^), "^fe (-Is^)^ weak annihilation 

(li;9%), DGE theory: matching scales The largest contribution to the total error is 

due to the effect of the uncertainty on m^. The uncertainty due to weak annihilation has been 
assumed to be asymmetric, i.e. it only tends to decrease \Vub\- 

5.4.3 GGOU 

Gambino, Giordano, Ossola and Uraltsev (GGOU) [439] compute the triple differential decay 
rates of -B — ?■ X^i'^i'i, including all perturbative and non-perturbative effects through 0(a;^/3o) 
and 0(l/m^). The Fermi motion is parameterized in terms of a single light-cone function for 
each structure function and for any value of g^, accounting for all subleading effects. The cal- 
culations are performed in the kinetic scheme, a framework characterized by a Wilsonian treat- 
ment with a hard cutoff /i ~ 1 GeV. GGOU have not included calculations for the "(-Eg, s^"^^)" 
analysis. The heavy quark parameters determined from the global fit in the kinetic scheme, 
described in [5X2l are used as inputs: mi,{kin) = (4.560±0.023) GeV, nHkin) = (0.453ib0.036) 
GeV^. The extracted values of \Vub\ for each measurement along with their average are given 
in Table [71] and illustrated in Figure IFH The total error is whose breakdown is: statistics 

(110%), detector (li:7%), B XJ+ue model (+i:3%), B XJ+u^ model a^, mb and 

other non-perturbative parameters (1^9%), higher order perturbative and non-perturbative 
corrections (li;4%), modelling of the tail and choice of the scale q^* (1};3%), weak annihila- 
tions matrix element (15;9%), functional form of the distribution functions (lo;2%), The leading 



134 



CLEO (E^) 








3.82 + 0.45 + 0.23-0.26 ■ 

BELLE sim. ann. (m , q^) 








4.40 + 0.46 + 0.19-0.20 
BELLE (E^) 








479 + 0.44 + 0.21 -0.24 
BABAR (E^) 








4.28+0.24 + 0.22-0.24 

BABAR (E^, .s™) 








4.32+0.29 + 0.24-0.29 ' ' 








BELLE multivariate (p*) 








460 + 0.27 + 0.13 
BABAR (m^<1.55) 








4.40 + 0.20 + 0.24 - 0.19 " 
BABAR (mj,<1.7) 








4.16 + 0.23 + 0.26-0.22 '' • 








BABAR (m^<1.7,q^>8) 








4.19 + 0.22 + 0.18-0.19 " — • 








BABAR (P+<0.66) 








4.10 + 0.25 + 0.37-0.28 — •- 

BABAR (m ,, fit, p*>lGeV) 








4.40 + 0.24 + 0.12-0.13 - 








BABAR (p*>1.3GeV) 








4.39 + 0.27 + 0.15 -0.14 








Average +/- exp + theory - theory 








4,45 + 0.15+0.15-0.16 








rMof= 11.0/11 (CL = 44.00 %) '^^^^^ 

Andersen and Gardi (DGE) 

JHEP 0601:097,2006 

E. Gardi arXiv:6806.4524 

1 1 1 1 






mHFAGl 






\EndO{201l\ 



2 4 6 

IV I [xlO"^ 



Figure 56: Measurements of \Vuh\ from inclusive semileptonic decays and their average based 
on the DGE prescription. "E^", "M^", "(Mx,?^)" 'P+", "p* and "(Ee,sr^)" indicate the 
analysis type and apphed cut. 



uncertainties on \Vub\ are both from theory, and are due to perturbative and non-perturbative 
parameters and the modelling of the tail and choice of the scale q^* . The uncertainty due to 
weak annihilation has been assumed to be asymmetric, i.e. it only tends to decrease \Vub\- 



5AA ADFR 

Aglietti, Di Lodovico, Ferrera and Ricciardi (ADFR) |440j use an approach to extract \Vub\, 
which makes use of the ratio of the B — >■ Xci'^u^ and B — )■ Xui'^i'e widths. The normalized triple 
differential decay rate for B — )■ X„£+i/£ |441H444] is calculated with a model based on (i) soft- 
gluon resummation to next-to-next-leading order and (ii) an effective QCD coupling without 
Landau pole. This coupling is constructed by means of an extrapolation to low energy of the 
high-energy behaviour of the standard coupling. More technically, an analyticity principle 
is used. The lower cut on the electron energy for the endpoint analyses is 2.3 GeV |441] . 
The ADFR calculation uses the MS renormalization scheme; the heavy quark parameters 
determined from the global fit in the kinetic scheme, described in 15. 2. 21 were therefore translated 
into the MS scheme by using a calculation by Gardi, giving mb{MS) = (4.194±0.043) GeV. The 
extracted values of \Vub\ for each measurement along with their average are given in Table [71] 
and illustrated in Figure l58l The total error is whose breakdown is: statistics (1}9%), 

detector (1^1%), B X^i+u^ model B XJ+ue model (1}:4%), a. (1?:2%), 

(1}:7%), mb (^0:7%), me semileptonic branching fraction (+0:7%), theory model 

The leading uncertainties, both from theory, are due to the ttIc mass and the theory model. 
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Figure 57: Measurements of \Vub\ from inclusive semileptonic decays and their average based 
on the GGOU prescription. "E^", "Mx", "(Mx,g^)" 'P+", V and "(Ee, sr^')" indicate the 
analysis type and applied cut. 
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Figure 58: Measurements of \Vub\ from inclusive semileptonic decays and their average based 
on the ADFR prescription. "Eg", "M^", "(Mx,?^)" 'P+", "p* and "(E^, s)^'^^)" indicate the 
analysis type and applied cut. 
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Figure 59: Measurements of \Vub\ from inclusive semileptonic decays and their average in the 
BLL prescription. "(M^, g^)" indicates the analysis type. 

5.4.5 BLL 

Bauer, Ligeti, and Luke (BLL) |418] give a HQET-based prescription that advocates combined 
cuts on the dilepton invariant mass, g^, and hadronic mass, mx, to minimise the overall un- 
certainty on \Vub\- In their reckoning a cut on mx only, although most efficient at preserving 
phase space (~80%), makes the calculation of the partial rate untenable due to uncalculable 
corrections to the 6-quark distribution function or shape function. These corrections are sup- 
pressed if events in the low region are removed. The cut combination used in measurements 
is Mj; < 1.7 GeV/c^ and > 8 GeV^/c^. The extracted values of \Vub\ for each measurement 
along with their average are given in Table [71] and illustrated in Figure |59l The total error 
is ^7:7% whose breakdown is: statistics detector (lio^o), B XJ+ue model {11^%), 

B — )■ Xui~^U£ model spectral fraction (nib) {-3x1%), perturbative : strong coupling 

(l3;o%), residual shape function (t|5%), third order terms in the OPE (tto^); The leading 
uncertainties, both from theory, are due to residual shape function effects and third order terms 
in the OPE expansion. The leading experimental uncertainty is due to statistics. 

5.4.6 Summary 

A summary of the averages presented in several different frameworks and results by V.B. Gol- 
ubev, V.G. Luth and Yu.I. Skovpen }424j . based on prescriptions by LLR j421j and LNP |422j 
to reduce the leading shape function uncertainties are presented in Table 1751 A value judgement 
based on a direct comparison should be avoided at the moment, experimental and theoretical 
uncertainties play out differently between the schemes and the theoretical assumptions for the 
theory calculations are different. 
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Table 67: Summary of exclusive determinations of B{B — t- niv). The errors quoted correspond to statistical and systematic 
uncertainties, respectively. Measured branching fractions for B — t- n^lu have been multiplied by 2 x tbo / tb+ in accordance with 
isospin symmetry. The labels "i?reco" and "SL" tags refer to the type of B decay tag used in a measurement, and "untagged" refers 
to an untagged measurement. 
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B[10 



CLEO 7r+,7r^ [401J 
BABAR 7r+,7r0 |4D2j 
BABAR 11+ [403] 
Belle 7r+ [iQl] 
Belle SL 7r+ 005] 
Belle SL 7r° [iOH] 
BABAR SL 7r+ [i06] 
BABAR SL 7r° [406] 
BABAR B^eco 7r+ [i07] 
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0.80 ±0.19 ±0.03 






41 


± 





08 


± 





04 





32 


± 





02 


± 





03 





33 


± 





03 


± 





03 





40 


± 





02 


± 





02 





37 


± 





10 


± 





04 





36 


± 





15 


± 





04 





46 


± 





13 


± 





03 





44 


± 





17 


± 





06 





65 


± 





20 


± 





13 





48 


± 





22 


± 





12 





26 


± 





08 


± 





01 





41 


± 





11 


± 





02 



Average 



1.42 ± 0.03 ± 0.04 



0.81 ± 0.02 ± 0.03 



1.05 ± 0.02 ± 0.03 



0.37 ± 0.01 ± 0.02 



Table 68: Determinations of \Vub\ based on the average partial B — t- niV decay branching 
fractions stated in Table 1671 The first uncertainty is experimental and the second is from theory. 
The full or partial branching fractions are used as indicated. Acronyms for the calculations 
refer to either the method (LCSR) or the collaboration working on it (HPQCD, FNAL/MILC). 



Method 


\Vub\[io-^] 


LCSR 1, < 12GeVVc' |409 


3.40 ± 0.07+^:^^ 


LCSR 2, < 16 GeVVc^ |410J 


3.57 ± 0.06+^:1^;; 


HPQCD, q' > 16 GeV7c^ |4llj 


3.45 ± 0.091^;^^ 


FNAL/MILC, q' > 16 GeVVc^ [412 


3.30 ± 0.09+^:^^ 



Table 69: Summary of exclusive determinations of B{B — )■ piu). The errors quoted correspond 
to statistical and systematic uncertainties, respectively. 
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^- \m\ 
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1.87 ±0.19 ±0.32 


Average 


2.61 ± 0.15 ± 0.16 



Table 70: Summary of exclusive determinations of B{B — )■ uiu). The errors quoted correspond 
to statistical and systematic uncertainties, respectively. 
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Table 71: Summary of exclusive determinations of B{B — )■ rjiU). The errors quoted correspond 
to statistical and systematic uncertainties, respectively. 
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Average 
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± 0.04 ± 0.04 
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Table 72: Summary of exclusive determinations of B{B — )■ r/'ii/). The errors quoted correspond 
to statistical and systematic uncertainties, respectively. 



B[10-4] 


CLEO 7]' |415| 
BABAR r/' |4U6| 
BABAR r]' [4U3] 


2.66 ±0.80 ±0.56 
0.04 ±0.22 ±0.04 
0.24 ±0.08 ±0.03 


Average 


0.23 ± 0.08 ± 0.03 



Table 73: Summary of inclusive determinations of partial branching fractions for B — )■ Xui~^i^e 
decays. The errors quoted on AB correspond to statistical and systematic uncertainties. The 
ginax variable is described in Refs. [426(1427] . 



Measurement 


Accepted region 


AB[10-^] 


Notes 


CLEO |428| 


Ee > 2.1 GeV 


3.3 ±0.2 ±0.7 




BABAR )427| 


Ee > 2.0 GeV, sjf^^ < 3.5 GeV^ 


4.4 ±0.4 ±0.4 




BABAR [425] 


Ee > 2.0 GeV 


5.7 ±0.4 ±0.5 




Belle [429J 


Ee > 1.9 GeV 


8.5 ± 0.4 ± 1.5 




BABAR [417j 


Mx < 1.7GeV/c2,g2 > sGeVVc^ 


6.8 ±0.6 ±0.4 




Belle |430| 


Mx < 1.7GeV/c2,g2 > SGeVVc^ 


7.4 ± 0.9 ± 1.3 




Belle |431| 


Mx < 1.7GeV/c2,g2 > SGeVVc^ 


8.4 ± 0.8 ± 1.0 


used only in BLL average 


BABAR |417| 


P+ < 0.66 GeV 


9.8 ±0.9 ±0.8 




BABAR )417| 


Mx < 1.7GeV/c2 


11.5 ± 1.0 ±0.8 




BABAR 14l7j 


Mx < 1.55GeV/c2 


10.8 ±0.8 ±0.6 




Belle [416] 


> IGeV/c 


19.6 ± 1.7 ± 1.6 




BABAR |417| 


{Mx,q'^) fit, p} > IGeV/c 


18.0 ± 1.3 ± 1.5 




BABAR [417] 


p} > 1.3GeV/c 


15.3 ± 1.3 ± 1.4 
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Table 74: Summary of input parameters used by the different theory calculations, correspond- 
ing inclusive determinations of \Vub\ and their average. The errors quoted on \Vub\ correspond 
to experimental and theoretical uncertainties, respectively. 



BLNP DGE GGOU ADFR BLL 



Input parameters 

scheme SF MS kinetic MS IS 

Ref. I13S1I137] Ref. [5] see Sect. IHXl Ref. [5^ Ref. [537j 

mi (GeV) 4.588 ± 0.025 4.194 ±0.043 4.560 ±0.023 4.194 ±0.043 4.704 ±0.029 

^il (GeV^) 0.189 1°:°^^ - 0.453 ±0.036 - - 

Ref. \Vub\ values 

hL |428j 4.19±0.49t^-^!j 3.82 ± 0.45t^-^i] 3.93 ± 0.46^^ ^ 3.43 ± 0.40^^ ;? 

Mx,g2j32D] 4:A6±OA7toi7 4.40 ± 0.461!;^^ 4.37 ± 0.46lg | 3.89 ± 0.41+°'^^ 4.68 ± 0.491^!^ 

giS] 4.88 ± OA5toi7 4.79 ± OAA+° f^ 4.75 ± OAAtgil 4.48 ± OA2toio 

K 4.48 ± 0.25lE!-^^ 4.28 ± 0.24l°-^^ 4.29 ± 0.24t°'^^ 3.94 ± 0.22+°'^^ 

Ee,s^'^^\ 4.66 ± 0.3llE!-^6 4.32 ± 0.291JJ-29 - 3.82 ± 0.26^!Ji^ 

v} PTT)| 4.47 ± 0.27lE!:^? 4.60 ± 0.271^;}^ 4.54 ± 0.271!;^; 4.48 ± 0.30lgi^ 

Mx mZ] 4.17±0.19l|^:^^ 4:A0±0.20+°fg 4.08 ± O.WtJ^? 3.81 ± 0.181 

Mx mZ] 3.97±0.22l°-2° 4.16 ± 0.23l[!-^^ 3.94 ± 0.22l°'i? 3.73 ± 0.2ll°-J^ 

Mx,q^W\ 4.25 ± 0.23l!J:| 4.19 ± 0.221°:}* 4.17 ± 0.22l°;| 3.74 ± 0.20l J}? 4.50 ± 0.241°;^ 

P+ |iT7] 4.02±0.25l°-| 4.10 ± 0.25l°-^^ 3.75 ± 0.23l°|° 3.56 ± 0.22l° }^ 

pj, (Mx,g2) fit mi] 4.28 ± 0.241°:^^ 4.40 ± 0.241°:}^ 4.35 ± 0.24l°;™ 4.29 ± 0.241°;}^ 

pI pTTj 4.29 ± 0.27lE!-^|5 4.39 ± 0.27i;j ;t 4.33 ± 0.271E;'}; 4.27 ± 0.26lJ}^ 

Mx,g^ pT] - - - 5.01±0.39lgJ 

Average 4.40 ± O.lSllj;^^ 4.45 ± 0.15l^:;[; 4.39 ± 0.151^;}^ 4.03 ± 0.131^;}^ 4.62 ± 0.20fg^ 



Table 75: Summary of inclusive determinations of \Vub\- The errors quoted on \ Vub\ correspond 
to experimental and theoretical uncertainties, except for the last two measurements where the 
errors are due to the BABAR endpoint analysis, the BABAR b ^ s'-f analysis |423j . the theoretical 
errors and Vts for the last averages. 



Framework |V^;,|[10 

BLNP 4.40 ±0.15+^:^^ 

DGE 4.45±0.15l|]:}^ 

GGOU 4.39±0.15l[]:^^ 

ADFR 4.03±0.13l:[]:i^ 

BLL {mx /q^ only) 4.62 ± 0.20 ± 0.29 

LLR (BABAR) ^ 4.43 ± 0.45 ± 0.29 
LLR (BABAR) 021] 4.28 ± 0.29 ± 0.29 ± 0.26 ± 0.28 

LNP [BABM) [424] 4.40 ± 0.30 ± 0.41 ± 0.23 
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6 B decays to charmed hadrons 

This section reports the updated contribution to the HFAG report from the "i? — )■ charm" 
group@. The mandate of the group is to compile measurements and perform averages of all 
available quantities related to B decays to charmed particles, excluding CP related quantities. 
To date the group has analyzed a total of 632 measurements reported in 216 papers, principally 
branching fractions. The group aims to organize and present the copious information on B 
decays to charmed particles obtained from a combined sample of about two billion B mesons 
produced in e~^e~ collisions from the BABAR and Belle collaborations, and similarly enormous 
samples produced in hadron collisions from the CDF and LHCb collaborations. 

This huge sample of B hadrons allows to measure decays to states with open or hidden 
charm content with unprecedented precision. Branching fractions for rare 5-meson decays or 
decay chains of a few 10"'' are being measured with statistical uncertainties typically below 
30%, and new decay chains can be accessed with branching fractions down to 10~^. Results 
for more common decay chains, with branching fractions around 10~^, are becoming precision 
measurements, with uncertainties typically at the 3% level. 

The measurements are classified according to the decaying particle: charged B, neutral B, 
strange B, charmed B, Ab and others; the decay products and the type of quantity: branching 
fraction, product of branching fractions, ratio of branching fractions or other quantities. For the 
decay product classification the below precedence order is used to ensure that each measurement 
appears in only one category. 

• new particles 

• strange D mesons 

• baryons 

• J/^ 

• charmonium other than J/ip 

• multiple D, D* or D** mesons 

• a single D* or D** meson 

• a single D meson 

• other particles 

Within each table the measurements are color coded according to the publication status 
and age. Table [TS] provides a key to the color scheme and categories used. When viewing 
the tables with most pdf viewers every number, label and average provides hyperlinks to the 
corresponding reference and individual quantity web pages on the HFAG/BtoCharm group 
website http://hfag.phys.ntu.edu.tw. The links provided in the captions of the table lead to 
the corresponding compilation pages. Both the individual and compilation webpages provide a 
graphical view of the results, in a variety of formats. 

Tables [771 to 11281 provide either limits at 90% confidence level or measurements with statis- 
tical and systematic uncertainties and in some cases a third error corresponding to correlated 
systematics. For details on the meanings of the uncertainties and access to the references click 

^•^The HFAG/BtoCharm group was formed in the spring of 2005; it performs its work using an XML database 
backed web application. 
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on the numbers to visit the corresponding web pages. Where there are multiple determinations 
of the same quantity by one experiment the table footnotes act to distinguish the methods or 
datasets used; such cases are visually highlighted in the table by presenting the measurements 
on the lines beneath the quantity label. Where both limits and measured values of a quantity 
are available the limits are presented in the tables but are not used in the determination of the 
average. Where only limits are available the most stringent is presented in the Average column 
of the tables. Where available the PDG 2010 result is also presented. 
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Table 76: Key to the colors used to classify the results presented in tables [77] to 11281 When viewing these tables in a pdf 
viewer each number, label and average provides a hyperlink to the corresponding online version provided by the charm subgroup 



website http://hfag.phys.ntu.edu.tw/b2charm/ Where an experiment has multiple determinations of a single quantity they are 
distinguished by the table footnotes. 



Class 



Definition 



waiting Results without a preprint available 

pubhot Results published during or after 2011 

prehot Preprint released during or after 2011 

pub Results published during or after 2008 but before 2011 

pre Preprint released during or after 2008 but before 2011 

pubold Results published before 2008 

prcold Preprint released before 2008 

error Incomplete information to classify 

superceeded Results superceeded by more recent measurements from the same experiment 

inactive Results in the process of being entered into the database 

noquo Results without quotes 



Table 77: Branching fractions of charged B modes producing new particles in units of 10 ^, upper limits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00101.html 



Mode PDG 2010 Belle BABAR CDF LHCb Average 



X{3872)K- 




1 < 0.32 1 


1 < 0.32 1 


1 < 0.32 1 


D-j{24:60)D'^ 




1 3.10 ±1.00 1 


14.3 ±1.6 ±1.3 1 


1 4.3 ±2.1 1 


D-jl2m)D*'> 


(2007) 


1 12.0 ±3.0 1 


1 11.2 ±2.6 ±2.0 1 


1 11.2 ±3.3 1 



Table 78: Product branching fractions of charged B modes producing new particles in units of 10 ^, upper limits are at 90% CL. 
The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00101.html 



05 



Mode 

I K-X{3S72)[fJ/i,(lS)]T 



PDG 2010 



Belle 



CDF LHCb 



f892)Xf3872^)fJ/1^aSl-Y1 I 



X(3872)[J/</)(lS)t^(782)n 



Xf38721[J/i/<(lg)n1 I 



-fi:-X(3872)[i/.(2S)Tl 



if ~X(38721[J/i/.(lgW+7r~] | 



Z~('4430)fJ/i/iaS')7r~] I 



-Y(3940)\J/\h( lS]-,] I 



Jf-y(^4260^)fJ/1^aSl7^7r~1 I 



K"X- (3872)\J/ib(lS)Tr-n"]\ 



f892)Xf3872)f;;)f2SHrr 



Y(3940)\J/iti(lS)Lj(7S2j]\ 



R- X(3872)\D'^ D^]^ 



Z~f4430'lfiA(2S'l7r~l | 



X(3872)]D"T!"tv^ 



X~X (38721 [D""D"1^ 



y~X(38721["D'*"(2007)£l° 1 I 



D"D^ ,(2460)fg 



C"D, ,(2460)f-D7-fl 



r(2317)-\D:-^J 



D"D-t r(2317)-\D-Tv"\\ 



, (2460) [D:--,r 



(2007)0, ,(2460)|bj7] 



D"D, ,(2460)|D:~ir"T 



"(2007)DJj(246a)[Dj 



I 0.028 ± 0.008 I 

I < 0.048~l 
I < 0.0VV~| 



(2007)O:,(2317) I0 77r°1 I 



0.09 ± 0.03 



0.10 ± 0.02 



I < 0.150~l 
I < 0.146 I 
I < o.^^fl I 

I < 0.22 1 

I < o.iii I 

I < 0.40 1 
I < 0.47 1 

I 1.00 ± 0.40~| 
I < 0.60 1 

I 0.85 ± 0.26~| 

l< 2 2 I 
\<2.7\ 
I 4.6 ± 1.2"! 



7.3 ± 2.0 



I 14.0 ± 7.01 



I 0.018 ±'^-}';t'^ ±0.001 p 



Y I 0.0280 ± 0.0080 ± 0.0010 | 



I < 0.0341 



I < 0.40~| 

I < o.eoH 
I < o.eoH 

l< 2.2 I 

, IZZLl , 

I 5.6±i:g±1.7 

l <>6 l 



8.1 ±1 ±2a] 
I < 9-8 I 



I 11.9 ±li ±3.6 I 



r^).048 I 
I 0.06 ± 0.02 ± 0.01"! 

I < O.OTTn 
0.095 ± 0.027 ± 0.006 



0.084 ± 0.015 ± 0.007 



r^).130 I 

I < b.iWl 
I 6.M±6.6V±6.0ii I 

r^ir2T\ 

I < 0.28 I 
' ' UV ,0.05 I 



J=0.06 =^0.03 



I < 0.43 I 



I 1.67 ± 0.36 ± 0.47 | 



6.00 ± 2.00 ± 1.00±t 



I 9.0 ± 6.0 ± 2.0± 
I 1(3.00 ± 3.00 ± l.OOT 



3.0 I 



14.0 ± 4.0 ± 3.0± 



27.0 ± 7.0 ± 5.0± 



76 ± 17 ± 18±f 



Average 



I 0.020 ± 0.003 I 



I < 0.04T1 
I 0.06 ± 0.02 I 

I < 0.077 I 
I 0.09 ± 0.03 I 
I 0.10 ± 0.01 I 

I < 0.13"0~l 

I < 0.l40l 

I ().io±ti.<}'r\ 

I < 0.22~| 
I < 0.28~1 
I 0.30 ± 0.08 I 
I < 0.40 I 
I < 0.43~1 
I < 0.60~1 

I < o.co~| 

I 1.67 ± 0~59~| 
l< 2.2 I 

|5.8±;ii 

I < 7.6 1 



9.0± 



Observation of X(3872) J/ip-f and search for X(3872) tp' -/ in B decays {772M BB pairs) 
Observation of Jir(3872) — f 'yj/ip and evidence for the sub-threshold decay Jf(3S72) — ujJ/tp 



Table 79: Branching fractions of charged B modes producing strange D mesons in units of 10 ^, upper hmits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00102.html 



Mode 



D7<t>(1020) 



DTK- K' 



d:~(»(io2oT 



d:+k- 



PDG 2010 



CDF LHCb 





D° 


Dt 




n. 


D*"(2007) 1 




"D"'(2007) 1 



I < 0.019"! 
I 0.11 ± 0.041 
I < 0.120"! 
I < 0.150"! 

0.16 ± 0.05 



1.45 ± 0.24 



1.80 ± 0.22 



! 100 jz ly I 

! V6 ± i(S ! 

I 82 ± 17l 

I 171 ± 2.r! 



1 ±0 




± 0.17 1' 









I < 0.0191 

I 0.110 ± 0.040 ± 0.020 ± o.ooTI 
I < 0.1201 

I < 0.150 I 

I 0.15 ±g;^^ ±0.01 ± 0.02 | 
I 1.67 ± 0.16 ± 0.35 ± 0.05 ! 

I 2.02 ± 0.13 ± 0.38 ± 0.06 | 

ri33 ± 18 ± 32 I 

[ 93 ± 18 ±Tir! 

ri21 ± 23 ±201 
ri70 ± 26 ±241 



I < 0.019"1 
I 0.11 ± o.oTI 
I < 0.1201 
I < 0.1501 



0.15 ± 0.05 



1.54 ± 0.22 



1.90 ± 0.18 



I - ■ : • I 

I ^'i^ia I 

I 121 ± 30"! 
I 170 ± 35"! 



Measurement of B - Ds K pi branching ratios {520M BB pairs) 
^ Measurement of B — y Kn branching fractions (657M BB pairs) 



Table 80: Product branching fractions of charged B modes producing strange D mesons in units of 10 ^, upper hmits are at 90% 
CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00102.html 



00 



g°D7i(2536)[g*"(2007)ii'" 



PDG 2010 



CDF LHCb 



D" D7i(2536)\D'~ (2010)k'^] 



_ J- _' 11 ■ _ _ . . 



Average 



D'^ d"id: 



■ <t,(W20)n 



D" Dt-^(2536)\D'" (2 0Q7)K^ 



+ O*+(2010)K "] 



(2007) D _ ^ ( 2536) [g * ° ( 2007) A" ~ 1 I 



V: JJ-'°(2()07lli;_ (g(1020)Tr I I 



D*"{2007)D^;^(2536)[D*" {2010)A'"] 



I 2.20 ± OTiTI 
I 2.3 ± iTI 



I 5.5 ± 1.6~| 
I 3.9 ± 2.6~| 



I 3.97 ± 0.85 ± 0.56 | 



2.16 ± 0.52 ± 0.45 



2.30 ± 0.98 ± 0.43 



i.ati ± 0.66 



3.13 ± 1.19 ± 0.58 



I 4.00 ± 0.61 ± 0.61 I 



5.5 ± 1.2 ± 1.0 



i.6 ± 1.5 ± 1.1 



I < 10.7 I 



I 2.16 ± 0.691 
I 2.3 ± 1.T1 

I ii.te±o.M~| 

I 3.1 ± 1.3~| 
I 4.0 ± 1.0 I 

I 4.00 ± o'se] 

I 5.5 ± 1.6~| 
8.6 ± 1.9" 
I < 10. 7T 



Table 81: Branching fractions of charged B modes producing baryons in units of 10 ^, upper hmits are at 90% CL. The latest 



version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html 



CO 



Mode 

vAD"\ 

O''~(2010)pp I 



r 



pil)*"(2007) I 



1 



D'+(201Q)pv-n 



AT' 



W77 



-D*"(2007)p: 



A~ K~ 



>p7r 



I 1.18 ± 0.'3l~| 



I 3.5 ± 1.0~| 



1.16 ± 0.28±!i 



1.43 ±"-5§ ±0.18 



< 1.50 




< 1.50 


< 1.50 




< 1.50 



I 28.0 ± 8.0~| I 18.7 ±|;g ±2.8 ± 4.9~| 



I 16.6 ± 1.3 ± 2.7l 
I 18. K ± 1.6 ± iTtTI 

I 33.8 ± 1.2 ± 1.2 ± 8.8 | 
I 37,2 ± 1.1 ± 2.5 I 
I 37,3 = 1,7 1 2.7 I 



Average 



~| pT4 = 1,"> = 17 ± 60 I 



1.16 ± 0.31 






< 1.50 






< 1.50 






l< 4.6 1 






> 4.8 






l< 9.3 1 





16.6 ± 3.0 



18.6 ± 2.5 
I 24.4 ± 5.5T 
37.2 ± 2.7 



37.3 ± 3~ 
I 77 ± 32 f 



Table 82: Product branching fractions of charged B modes producing baryons in units of 10 ^, upper hmits are at 90% CL. 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html 



The 



Mode 



PDG 2010 



Belle 



BABAR 



CDF LHCb Average 



K-r],{lS)[AA] 




n nqf^ -uo.025 10.008 


1 0.10 ±0.03 1 


K-r]c{lS)\p'p] 




0.14±0.01±[]:[J^ 


0.18 ±n^ ±0.02 10.15 ±0.02 1 


K-J/^{1S)[AA] 


0.20 ±^om ±0-03 


1 0.20 ±0.05 1 


K-J/i;ilS)[pp] [ 


0.22 ± 0.01 ± 0.01 1 1 0.22 ±0.02 ±0.01 1 I 0.22 ± 0.01 1 


^'-TT+J 13.0 ±1.11 4.80 ±^-^^±1.10 ±1.20 I 2.08 ± 0.65 ± 0.29 ± 0.54 I I 2.57 ±0.811 



o 



Table 83: Ratios of branching fractions of charged B modes producing baryons in units of 10 ^, upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html 
Mode 



PDG 2010 Belle 



BABAR 



CDF 



LHCb 



Average 



B(B-^A+vn-) 




B(B-^A+vn-) 


B{y--^-nc{iy)K-)xB(vc(lS)^pp) 


B(B- -^J/M1S)K-) X B{J/ip{lS)^pp) 



B(B'-'^Atp) 



I 1.17 ±0.23 ±0.24 I 
I 1.23 ±0.12 ±0.08 I 



I 154.0 ± 18.0 ±3.0 I 



I 1.17 ±0.33" 
I 1.23 ±0.14" 



I 7.10 ±2.00 ±0.70 I I 7.1 ± 2.1 



I 154 ± 18 I 



Table 84: Branching fractions of charged B modes producing J/ip{lS) in units of 10 ^, upper hmits are at 90% CL. The latest 
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00104.html 



J/i/>(15)D^ 



J/i>(lS}MW20)K- 



j/Mis)vK- 



jmis)D- I 



J/ili(lS')u)(7»2)K- 



J/i/.(lg)X-T " 



I < 0.073 I 
I < 0.i5 I 
0.52 ± 0.17 



0.49 ± 0.04 



0.50 ± 0.08 



1.08 ± 0.33 



I < 1.20~| 

I 3.50 ± 0.4(1 I 

1 10.7 ± on 

I 10.14 ± 0.34 I 



I 0.38 ± 0.06 ± 0"03~| 

I 7.16 ± 0.10 ± 0"60~| 
I 10.10 ± 0.20 ± 0.70 ± 0.20 | 



I < 0.073 I 
I < 0.52 I 
I 0.44 ± 0.14 ± 0.05 ± 0.01 | 
nr54 ± 0.04 ± 0.02 I 
nrso ± 0.07 ± 0.03 I 

1 1.08 ± 0.23 ±o.:^-i±6.nri 

I < i.io I 

1 3.2o±o.io±i:i:i|i I 

I 11.60 ± 0.70 ± 0.90 I I 6.9 ± 1.8 ± 1.2 | 

I 10.61 ± 0.15 ± 0.44 ± 0.18 | ^ 
I 10.10 ± 0.90 ± 0.60 



Average 
I < 0.073 1 

I < thii I 



0.44 ± 0.15 



0.48 ± 0.04 



0.50 ± 0.08 



1.08 ± 0.33 



I < l.:^0 I 



8.07 ± 0.~ 

10.26 ± 0.37 





J/^(1S)K''- (892) 


1 14.30 ±0.80 1 


1 15.80 ± o.Vo ± i.4o ± o.io 1 1 14.54 ± 0.4V ± 0.94 ± o.i5 | 


1 15.8±4.V±5.V 1 


1 14.03 ±0.S8 1 




J/i/'(lS)K~(1270) 


1 18.0 ± 5.2 1 


1 18.0 ± 3.4 ± 3.0 ± 2.5 | 




1 18.0 ± 5.2 1 



MEASUREMENT OF BRANCHING FRACTIONS AND CHARGE ASYMMETRIES FOR EXCLUSIVE B DECAYS TO CHARMONIUM (124M BB pairs) ; 
MEASUREMENT OF THE B+ -+ ppK+ BRANCHING FRACTION AND STUDY OF THE DECAY DYNAMICS (232M SB pairs) ; -* .J/i>K^ with J/i> 



— > J jipK witli rj j ^ to leptons 



Table 85: Product branching fractions of charged B modes producing J /ip{lS) in units of 10 upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00104.html 

Mode 



PDG 2010 Belle BABAR CDF LHCb Average 



K~h^{lP)[J/i){lS)^+^-] I < 0.034 I 



I < 0.034 I 



I < 0.034 I 



Table 86: Ratios of branching fractions of charged B modes producing J /ipilS) in units of 10 ^, upper hmits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00104.html 



PDG 2010 



LHCb 



Average 





-+J/^(lS),r-) 


B(B- - 





B(B- 



BjB- 



-m 



»X(4140) g - ) xB(X(4140)->-,J/j;j(lS)ij.(1020)) 



.J/Vj(lS)if^ (1400)) 
• J/4,(1S]K~ 11270 )) 

o,+. • — 



cO(l-P)-f^~)' 



..r/.;,n.qiR--^ 



>^e(lS')K-) 



.J/</.(lS)Jf-) 



B(S~ ^ 


J/4>(1S)K*~ (892)) 


Kin 


-^,f/,/,(lSlR--l 




J/4,(1S)K- {1270)) 


B(B 


- ^J/i,(lS)K~) 



I 0.49 ± O.OTI 



l< 30 I 



l< 30 I 



I 6.0 ± 2.0 1 I 6.00 ±i:8o ±0.50 ± 0.80 | 
I 13.3 ± 



I 13.90 ± O0~| 



I 18.0 ± 3.4 ± 3.4 I 



I 0.54 ± 0.04 ± 0.01 I 



I 5.01 ± 0.24 ± 0.55 I 



10.60 ± 2.30 ± 0.40 



12.80 ± 1.00 ± 3.80 



I 13.70 ± 0.50 ± 0.80~| 



I 0.500 ±[j;]:fg ±0.010"| ^ I 0.39 ± 0.04 ± 0.02 | 
I U.49 ± 0.U8 ± O.Ul 1 ^ 

I < 0.70 1 



I 19.2 ± 6.0 ± 1.7 I 



I 0.46 ± 0.03 I 

I < 0.70~| 

l< 3.0 I 
I 5.01 ± 0.60 I 

1 6-o±i:g I 
I 11.2 ± 2:o~i 

I I i ■ -■ ■ ■ ■ . I 
1 18.0 ± rs"! 



Measurement of the Branching Fraction B(B'^ — ^ J/i/JTr^) and Search for — > J/ipTv'^ 
Measurement of the Branching Fraction B(B^ — ^ JfipTV^) and Search for — > Jfipiv^ 

Measurement of the Ratio of Branching Fractions B{B - J/psi Pi)/B(B - ,7/psi K) ; Br(B-J/psiPi)/Br(B-J/psi K) 

Measurements of the absolute brandling fractions of B^ — ^ X^.— (231. 8M BB pairs) ; Ratio B^ — ^ rjcK^ to B^ J/ipK~ (inclusive analysis) 
Brandling Fraction Measurements of B — > T?c^ Decays (86. IM BB pairs) ; Ratio B^ — > i^(^K~ to B^ — > J/^K~ with r)c — > KK-K 



Table 87: Branching fractions of charged B modes producing charmonium other than J/iIj{1S) in units of 10 ^, upper hmits are 
at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00105.html 



or 



i>{2S)K- I 



Va(lS)K- I 



Mode 




PDG 2010 


hAipm- 1 




1 < 0.38 1 




1 


1 < 0.180 1 






1 0.20 ± 0.04 1 










(892) 1 1 < 0.120 1 






1 1.33 ± 0.19 1 






(892) 


1 < 2.1 1 




(892) 


1 3.00 ± 0.6() 1 


nJ2S)K- 1 




1 3.4± l.S 1 


X.,(1P)K" 








1 19 ± 12 1 


ili(3770)K- 




1 4.9 ± 1.3 1 


Xol(lP)K- 




1 4.60 ± 0.40 1 



CDF 



LHCb 



I 6.46 ± 0.'33~| 



6.2 ± 1.2 



9.1 ± 1.3 



77.(lS)y- (892)1 
Xco(lP)jy"(892) I 



I < 0.038 I 
I 0.111 ±iijii!i ±0.009 I 
I 0.22 ± 0.04 ± 0.03T 



I < 0.180"! 



< 0.61 



I 6.00 ±f l?, ±0.70 ± 0.90 I I 1.84 ± 0.32 ± 0.14 ±~ 



I 4.l()±0.(iO± 0.5)0 I 

I 3.78 ±?,-ll ±0.33 I 
4.31 ± a20 ± 0.50 



4.80 ± 1.10 ± 0.70 



I 4.94 ± 0.11 ± 0.33 I 



I 6.a6±6.6() I 

I 1 

12.50 ± 1.40 ±} Sf! ±3.80 I 



).28 



1.34 ± 0.45 ± 0.15 ± 0.14 
T^70 ± 0.70 f 



2.60 ± 0.50 ± 0.40 



3.46 ±1.S6± 6.36 



I 3.50 ± 2.50 ± 0.30~| 

I 8.00 ± 1.40 ± 0.70 
I 4, .50 = (1.10 ± ()..30l ^ 
I 5.52 ± 0.26 ± Oli1~| 



I 15.5 ± 5.4 ± 2.0 I 



I ii.i'7 ±().ii±6.'iii±6.i'iT I 6.^(3 ± i.od ± 6.60 \ 

I 4.90 ± 1.60 ± 0.40 I "" 
I 5.92 ± 0.85 ± 0.86 ± 0.22 | 

I 13.8 ±f ? ±1.5 ± 4.2 r 
I 8.7 jz 1.5 
I 12.90 ± 0.90 ± 1.30 ± 3.60T ^ 

L<J9J 



I < o.osFI 

I 0.11 ± 0.04 I 

I 0.22 ± 0.05 I 



I 1.88 ± O.WI 



I 2.99 ± 0..55n 
I 3.4 ± 1.8 I 
3.78 ± 0.37 



4.31 ± 0.54 
I 4.5 ± 1.2 I 
I 4.79 ± 0.23 I 



I 5.52 ± 0.66 I 

I 6.32 ± 0.37 I 



I 7.07 ± O.'SSl 
I 9.8 ± l.TI 



I i2.i±I:I I 

l< 29 I 



MEASUREMENT OF THE BRANCHING FRACTION FOR S± -> XaoK^. (88. 9M BB pairs) ; fl" 



XcO^ with XcO ~^ K'K , 7r 7r 



Dalitz-plot analysis of tlic decays B^ — ^ K^tt^tt^ (226M BB pairs) ; B 



XcO^ witli XcO ~^ n IT (Dalitz analysis) 



Measurements of the absolute branching fractions of B 
B — ^ Vc^ (inclusive) 



A'^Jfe- (231. 8M BB pairs) 



XclA (inclusive) ; 



ii(2S)K' (inclusive) 



XcO^ (inclusive) 



MEASUREMENT OF BRANCHING FRACTIONS AND CHARGE ASYMMETRIES FOR EXCLUSIVE B DECAYS TO CHARMONIUM (124M BB pairs) ; 
MEASUREMENT OF THE S+ ppK+ BRANCHING FRACTION AND STUDY OF THE DECAY DYNAMICS (232M SB pairs) ; B^ -* ri^K^ with rj^ 
Branching Fraction Measurements of P — > rj(.K Decays (86. IM BB pairs) ; B^ — > rjcK~ with 77c — > KKn 



ii(2S)K~ with Jpl2S) to leptons 



Table 88: Product branching fractions of charged B modes producing charmonium other than J/iIj{1S) in units of 10 ^, upper 
hmits are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00105.html 



Mode 



PDG 2010 



Belle 



BABAR 



CDF LHCb 



Average 



K-7]ci2S)\K^K-TT 



K-r]c{lS)[K^K+7i^ 
K-ij{3770)\D+D-] 



K-'iIj{3770)[D^W 



n nn'?/i 4-O.0022 1 0.0005 

U.UUO^ ^0.0015 ^0.0004 



0.003 ± 0.002 



0.027 ±0.001 ±°ofol ±0.005 



0.027 ± 0.006 



I 9.4 ±3.5 I 
I 16.0 ±4.0 I 



I 8.4 ±3.2 ±2X1 
I 14.1 ±3.0 ±2.2 I 



I 8.4 ±3.8 I 
I 14.1 ±3.7 I 



Table 89: Ratios of branching fractions of charged B modes producing charmonium other than J/iIj{1S) in units of 10 ^, upper 



limits are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00105.html 
Mode 



PDG 2010 



Belle 



CDF LHCb Average 



B{B-^Xci{lP)7r-) 
13(B-^Y.U1P)K-) 



0.43 ± 0.09 I I 0.43 ±0.08 ±0.03 



B{B-^hc[iP)K-)xB{hc{lP)^Vc{lSh) 
B(B-^nJlS)K-) 



B{B-^Xci(i-P)k'-(m) 
B(B-^Y.UIP)K-) 



B{B-^iP('2S}K''^(m}y 

B{B-^iPi2S)K-) 



I 5.1^2.3 I 
19.6^1.7 1 



[ 



] 



1 5.1 ± 1.7 

9.60 ± 1.50 ± 0.90 



0.43 ±0.09 
I < 0.58 I 
I 5.1^2.3 I 
19.6^1.7 I 



Table 90: Branching fractions of charged B modes producing multiple D, D* or D** mesons in units of 10 ^, upper limits are at 
90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00106.html 



or 
at 



PDG 2010 



CDF LHCb 



Average 



D*+f20101D~ if ~ 



D'"{200T)D I 



D*"f2007'ID *~ (2010) I 
,ll7?'lfc'- J_ 



D"D-K' 



(2()l()) O''+f2010)jf~ I 
1 1 1 ' 



O*"(20071D~ y 



g*"(20071D K~ 



-D"g "(20071K~ 



-D*"(20071D''~ (2()l()')g 



D (2007) D*" (2007) K~ 



0.60 ± 0.07 



0.63 ± 0.11 



0.81 ± 0.17 



1.45 ± 0.33 



1.32 ± 0.18 



1.55 ± 0.21 



2.10 ± 0.50 



2.26 ± 0.23 



3.80 ± 0.40 



I 9.2 ± 1.2~| 



0.56 ± 0.08 ± 0.06 



i ± o,u;i 



I 1.17 ± 0.21 ± 0.15 I 



I 0.38 ± 0.06 ± 0.04 ± 0.03 | 

I 0.60 ± 0.10 ± 0.081 
I 0.63 ± 0.09 ± 0.06 I 



0.63 ± 0.14 ± 0.08 ± 0.06 


0.81 ± 0.12 ± 0.11 ± 0.06 




i.:ri = 11,07 ± (1.12 






1.32 = (J.l:i ± 11-12 






1.55 ± 0.17 ± 0.13 






2.06 ± 0.38 ± 0.30 






2.2i; = (l.Ki ± 11.17 






3.,M = (J. 31 ± 11-23 






6.32 ± 0.19 ± (J. 45 






9.17 ± 0.83 ± 0.90 





I 11.23 ± 0.36 ± 1.26"! 









1 0.11 ±0.03±0:[li 1 




1 0.11 ± 0.04 1 




D+D^K^ 1 


0.22 ± 0.07 


1 < 0.90 1 


0.22 ± 0.05 ± 0.05 


1 0.22 ± 0.07 1 




-D°-D*" (2010) 1 


0.39 ± 0.05 


1 0.46 ± 0.07 ± 0.06 1 


0.36 ± 0.05 ± 0.04 


1 0.39 ± 0.05 1 




D"D 1 


0.38 ± 0.04 


1 0.41 ± 0.04 1 



0.60 ± oTW 

0.63 ± 0.11 

0.63 ± o.iT] 
0.81 ± 0.17 



1.28 ± 0T2 

1.32 ± oris' 

1.55 ± 0.21 



2.06 ± 0^48' 
2.26 ± 0.23 



3.81 ± 0^39 
6.32 ± 0.49 



I 11.2 ± 1.3 I 



Observation of -B" -> D + , D'>D^ and D°D'^ decays (152M BB pairs) 

Measurement of B+ - D+ DObar branching fraction and clrargc asymmetry and searcli for BO - DO DObar (656. 7M BB pairs) 



Table 91: Product branching fractions of charged B modes producing multiple D, D* or D** mesons in units of 10 ^, upper limits 
are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00106.html 



or 

05 



-D?f2420)[g*°f2007l7r~7r+l"l 
g:;"(2460)IO'"-'(2007W-7r+l 
7r~go"(2460)IO'^(2010)7r~]^ 



PDG 2010 



CDF LHCb 



~gy(2420)IO"7r 



~£lo''(24[iO)IO+7r~r 



'd!' (2420) (201^ 



I < 0.060 I 
I < 0.22 I 
1.80 ± 0.50 



1.80 ± 0.60 



3.50 ± 0.40 



I 6.40 ± OAO^ 



r< 0.060 I 

I < 0.22 I 

I 1.80 ± 0.30 ± 0.30 ± 0.20 I 

1 1.85 ± 0.29 ± o.35±;-; ;s;;i I 

' 3.40 ± 0.30 ± 0.60 ± 0.40 



5.00 ± 0.40 ± 1.00 ± 0.40 



6.80 ± 0.70 ± 1.30 ± 0.30 



6.10 ± 0.60 ± 0.90 ± 1.60 



I 1.80 ± 0.3U ± 0.5U I 
I 3.50 ± 0.20 ± 0.20 ± 0.40 | 

I ~1 

I B.80 ± 0.30 ± 0.40 ± 2.00 | 



I < 0.0601 
I < 0.221 
I 1.80 ± 0:36~ l 

I i.ssiy^ i' 

I 3.47 ± 0"42l 
I 5.0 ± 1.1 I 

I 6.23 ± o'm^ 
I 6.4 ± iTI 



Table 92: Ratios of branching fractions of charged B modes producing multiple D, D* or D** mesons in units of 10 ^, upper 



limits are at 90% CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00106.html 



-DJ+(2460)7i 



' ) X (D*+ (2460)->d"7, 



Average 



-m-i 



+ Dj''(2460)x^ ) X (D5"(2460)-H3*+ (2oTo)-7r~ ) 
Wf R- ^ n»^-^ + ^- 



tDJ"(2460)x^ ) X (D5"(2460)->D"7r^ ir+TT^ ) 



tD0(2420),r-)x (uj (2420) ^ dO ,r - x+ ) 



>-D*" (2007)/C~ ) 
^ n*»f-ann7W- ^ 



) xTP?(JJ)^-D''+(2010)ir-) 



T 



■We 



B(B- 



+ DJ"(2460)7t 



>i:)V(2420)7r- ) 



B(B~ 



^r>""(2nn7)7r 



B(B~ 



0.77 ± 0.05 ± 0.06 



I 0.78 ± 0.19 ± 0.09~| 



I < 1.90 I 



I 0.39 ± 0.12 ± 0.04 I 
I 0.40 ± 0.10 ± 0.04 I 
I 0.40 ± 0.07 ± 0.05 I 



I < 0.30l 
I 0.39 ± 0.13 I 
I 0.40 ± 0.11 I 
I 0.40 ± 0.09 I 
I 0.72 ± 0.02 I 



I 0.83 ± 0.03 ± 0.02 I I 0.65 ± 0.07 ± 0.04 | | 0.63 ± 0.04 ± 0.04 | 
I 0.81 ± 0.04±g^ 



I 0.93 ± 0.16 ± 0.09 I 
I 0.96 ± 0.15 ± 0.08~| 
I 1.03 ± 0.15 ± 0.09 I 



,s.nn — n 7n 



1 



I 11.40 ± 0.70 ± 0.40"! 
I 12.2 ± 1.3 ± 2.3 I 



I 19.70 ± 1.00 ± 2.10~1 



I 0.81 ± 0.05 I 
I 0.93 ± 0.18~| 
I 0.96 ± 0.17~| 
I 1.03 ± 0.17~| 
I < 1.901 
I 8.0 ± 1.7 I 
I 11.40 ± 0.81 I 
I 12.2 ± 2.6 I 

I 12.70 ± 0.60 ± 1.10~| I 12.7 ± iTT] 
I 19.7 ± 2.3 I 



Study of the suppressed B meson decay B- - D K-, D - K+ pi- (657M BB pairs) 
MEASUREMENT OF BRANCHING FRACTION RATIOS AND CP ASYMMETRIES IN BH 



D(CP) K+-. (85. 4M BB pairs) 



Table 93: Branching fractions of charged B modes producing a single D* or D** meson in units of 10 ^, upper limits are at 90% 
CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00107.html 



or 
00 









D'"(2007)K' 


-(892) 


D"'(2007)K- 


k" 




D*-^f2010)7r- 


7r~ 




D'"(2007)K- 




(892) 


D"^ (2010)n- 






I5*"(2007)7r- 1 



1 



g*°(2007)7r 



D'"(2007)TT-n-<-'!T- I 



I 4.21±0.35~| 
I < 10.61 



U.6 ± i.i 



l5.o ± 4.0 



56.6 ±4.6 



5i.S±5.f5 



I 59 ± 13l 
I 103 ± li I 



T< 0.3(i 1 ^ 

I :^.59±o.8V±o.4i jz0.3r| 

r< 10.6 1 

I iii.56±6.80±i.56 I 

I l!5.3±3.1±a.9 I 

I iti.ti±i.G±'3.A I 



I 56.V±9.1±8.5 I 
I 105.5 ± 4.7 ± 12.9-1 



I ^.56 ± 1.16 ± 6.66 ±6.:S7-| 



I 55.20 ± 1.70 ± 4.20 ± 0.20 p 
I Si. 3 ± 2.2 ± 2.8 1 ^ 
[""55.0 ± 5.2 ± 10.4 I 



Average 





I5*-(2010)k" I 


< 0.090 


1 < 0.090 1 


< 0.090 






15*-{2010)7r" 1 


< 0.036 




< 0.030 





3.6 ± 1.0 



I < 10.6 I 
12.3 ± 1.5 



i!5.3±4.i 



■iii.ii±i.i 



I 55 ± 12l 
I 57 ± li I 
I 106 ± i4 I 



Study of B~''~ — > * ^ TT ^ decay and the ratio of suppressed and favoured amplitudes in S ^ D^*^ k decays. (657M BB pairs) 
Search for B+ - D*+ piO decay (657M B'B pairs) 

Branching fraction measurements and isospin analyses for B -~y D^*^ tt" decays (65M BB pairs) ; B~ — >■ Z)*'^7r 



Measurement of the Absolute Branching Fractions B - 



' 7T with a Missing Mass method (231M BB pairs) 



Table 94: Branching fractions of charged B modes producing a single D meson in units of 10 ^, upper limits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00108.html 



Mode PPG 2010 Belle BABAR. CDF LHCb Average 



D-U+U+ 1 






> 0.010 






1 > 0.010 1 








> 0.018 






1 > 0.018 1 


i3^e+e+ f 






> 0.026 






1 > 0.026 1 


D-K^' 1 


1 < 0.029 1 








1 < 0.029 1 


1 < 0.029 1 


D~ k'°(892) I 


1 < 0.030 1 








1 < 0.030 1 


1 < 0.030 1 


D"K~ 1 


1 3.68 ± 0.33 1 


1 3.83 ± 0.25 ± 0.30 ± 0.22 | 




3.83 ± 0.45 


d"k'~ (S92) 1 










1 5.29 ± 0.30 ± 0.34 | 


5.29 ± 0.45 


D"K-K" 1 


1 5.5 ± 1.6 1 


1 5.50 ± 1.40 ± 0.80 1 




1 5.5 ± 1.6 1 


D°K- K''°{S92) 1 


1 7.5 ± 1.7 1 


1 7.5 ± 1.3 ± 1.1 1 




1 7.5 ± 1.7 1 




1 16.Vo±6.50 1 


1 16.56 ±0.40 ±1.50 1 


1 10.80 ± 0.30 ± 0.50 1 1 


10.73 ± 0.55 1 




1 48.4 ± 1.5 1 










1 47.5 ± 1.9 1 



I 49.00 ± 0.70 ± 2.20 ± 0.06 | ^ 
I 44.9 ± 2.1 ± 2.3 1 ^ 



Branching fraction measurements and isospin analyses for B — )- £)^*^7r decays (65M BB pairs) ; B D^tt 

Measurement of the Absolute Branching Fractions B — > D^* tt with a Missing Mass method (231M BB pairs) ; B~ — >■ D^7r~ 



Table 95: Branching fractions of neutral B modes producing new particles in units of 10 ^, upper limits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00201.html 



Mode PDG 2010 Belle BABAR CDF LHCb Average 



D*j{2317)+K' 








0.53 ±°:1| ±0.07 ±0.02 


1 0.53 ±0.15 1 


x+{m2)K- 






l< 5.0 1 




l< 5.0 1 


1 < 5.0 1 


D~j{2Am)D+ 






1 35 ±11 1 




126.0 ±15.0 ±7.0 1 


126 ±17 1 


D7^(2460)D*+(2010) 


1 93 ± 22 1 




1 88 ± 20 ± 14 1 


1 88 ± 24 1 



Table 96: Product branching fractions of neutral B modes producing new particles in units of 10 ^, upper limits are at 90% CL. 
The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00201.html 



05 



Mode 



CDF LHCb 



(892)X(38721[J/;i)(lS)-Yl | 



jf-^Z- (44301 [J/-i/>(lS)7r-] 



7, (2460) [0 7-^1. 



f 



'°f892'IXf3872'|[i/.f2gH1 | 
"X(3872)[J/^(1S)^1 I 



K-X-<-(3S72)\J/',l,(lS)i+Tv°] I 



X"Xf3872')[J/if.(lS)7r^~l 



K"X(3S72)lJ/^(lS)cj{782)] 



J? 



'Xf3872)W2SCT 



K-Dl-,(24m)lDT-,] 
K''x(3872)\ib(2S)-i] \ 



X"y(39401fJ/l^(lS)^(782)1 I 
n->- DT ,(2317)- n^rX 
K+ Z ( 4430 ) I if. ( 26' ) 7r~T | 



K->- Z- (4430)\4:(2S)Tr~ 



^^^^^^^^^^^^ 



A:-Z2(4250)Iy.-i (IPTk^ 



D+O7,(2460)fg7 7r'l'7r ~1 



g + ,(2460)|O77r'T 



x"x(3872)[g '""(2007Tb°] | 



D+O7,(2460)fo: 



0-^07,(2460) |g; 



D+Di',iiil7]-\Dt-''y] 



O+O: ,(2317)~ l07"jPT 



D 



ik^"] I 



1 I C i j l ' I I D 1 

+ (2010)O_ ,(2460)|O77j | 
O7 ,(2460)|O: ~7r"| | 



O'T (2010)0^^(2460)10* - tv°] 



< 0.028 



I < 0.040 1 
I < 0.044 1 



< 0.054 



I < 0.0601 

I < 0.190~l 
I < 0.251 

I 0.32 ± o:T8"1 
I 0.42 ± OlTI 



I < :^.oo I 

l< 3.6 I 
I 1.20 ± dAO~\ 

l< 60 I 
I 6.5 ± 1.6 1 

I 9.7 ± 37r| 
I 15.0 ± b'^Ol 
I 23.0 ± 8~0n 



I > 0.024 1 



I < 0.040 1 



I > 0.066 1 
I I 



I < 0.25 I 



^U.IIM ^(1.05 ■ 
: (J.Uh ± U.UG ± U.ll~| 



I < i.M I 

l< 3.6 I 

JZM] , 

i.2 ±j I ±2.5 I 

I < 9°.5 I 
1.6 ±f 'i ±2S] 



< 0.028 



I < 0.0441 



< 0.054 



r^O.060 I 
I 0.06 ± 0.03 ± 0.01 I 



r^o.190 1 

I 0.21 ± 0.09 ± 0.03 I 

r^o.180 1 



I < 0.47 I 



I 8.00 ± 2.00 ± 1.00±|:gg I 



18.0 ± 4.0 ± 3.0± 



15.0 ± 4.0 ± 2.0± 



4* 



23.0 ± 3.0 ± 'S.O±f^ 



| 28.0±8.0±5.0±S',r I 

1 55.0 ± 12.0 ± io.o±i;^ I 



I > 0.02T1 



< 0.028 



I < 0.040 1 
I < 0.044 1 



< 0.054 



I < 0.060 I 
I 0.06 ± 0.03 I 
I > 0.066 I 
I < 0.I186~| 

I < o.igiTI 

I 0.21 ± 0.09 I 
I < o'29 I 

I 0.44 ± 0~T5"1 
I < 0.47~| 

I < a. 00 1 

l< 36 I 
l< 4.4 I 



1 



in /I ^ '5 - ^ 



10. 4± 



2x7i±g; 



Table 97: Ratios of branching fractions of neutral B modes producing new particles in units of 10°, upper limits are at 90% CL. 
The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00201.html 



Mode PDG 2010 Belle BABAR CDF LHCb Average 





B{b"^X{3S72)k") 
B(B-^X(3872)K-) 


1 0.41 ±0.24 ±0.05 1 10.41 ±0.25 1 






0.70 ±[]:^[] ±0.10 








B(B+^Y(3mO)K+) 


B{B0^X{'iS7-2)K0} 
BiB+^X{3872)K+) 




1 nn _l0.80 lO.lO 
i.UU 3=0 go =1=0.20 







Table 98: Branching fractions of neutral B modes producing strange D mesons in units of 10 ^, upper limits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00202.html 



05 
03 



Mode 

Dra + (980) I 



CDF LHCb 



Average 



1770) I 



D' + K' 



D + K' 



- (S92) I 
I892).J 



a+(980) 
P.^(770) 





D'+ 1 




a+(1320) 1 




"a+(1320) 1 




I 











I D7C*+(2010) I 
I d;~-D* + (2010) I 

I D7i(2536)D*+(2010)~ 



I < 0.0191 

0.021 ± 0.004 



0.024 ± 0.004 



0.022 ± 0.003 



0.030 ± 0.004 



I < 0.0241 
I 0.028 ± 0.009 I 



I O.OS ± 6.6T1 
I 0.O35 ± 0.6T51 

I < 0.0361 



0.04 ± 0.01 



0.06 ± 0.02 



I < 0.110 1 
I < 0.036 1 



I < 0.1301 

I < o.iao I 

I < 0.2001 
I < 0.241 
I 7.4 ± iXI 
I 7.20 ± OlSOl 



1 8.0 ± i.ri 

I 17.7 ± iTI 



I 0.018 ± 0.003 ± 0.002 ± 0.001 | 

I 0.024 ±° '^ll ±0.004 ± 0.006 l '- 

I 0.020 ± 0.003 ± 0.002 
I 0.020 ± 0.003 ± 0.002 ± 0.001 | 

I 0.046 ±o 'l,\l ±0.006 ± 0.012 l '- 
I 0.019 ± 0.002 ± 0.002 \ ' 



0.029 ± 0.007 ± 0.00.5 ± 0.0()~ 
0.036 ± 0.009 ± 0.006 ± 0.009 |^ 



I < 6.636 P 
I 1 ° 



I V.56 ± o.:^o ± 6.80 ± 0.851 ^ 



, I < 6.019 I 

I 0.026 ±g:[]gt ±0.001 ± 0.001 I 

I 0.02.5 ± 0.004 ± 0.001 ± O.OOTI 

I 0.024 ± 0.004 ± 0.001 ± O.OOTI 

I 0.029 ± 0.004 ± 0.001 ± 0.0021 

I < 0.024 1 



0.035 ±n ;;n;; ±0.0113 ± 0.002 

T < 0.036 I 



I 0.041 ±[]:l-i}i ±0.003 ± 0.002 | 
I 0.055 ± 0.013 ± 0.010 ± 0.0?)2l 
I < 0.0.551 

r< 6.166 I 



I < 6.1361 
I < 6.i6o~| 
I < 0.2'O0l 
I < O.2TI 
I 6.7 ± 2.0 ± 1.1 I 

1 6.o±i.8±T:ri 



I 10.3 ± 1.4 ± 1.3 ± 2.6 | 7° 
I 5.70 ± 1.60 ± 0.90 | "° 

I 18.80 ± 0.90 ± 1.60 ± 0.60 1 ° 
I 19.7 ± 1.5 ± 3.0 j; 4.9 \ ''' 
116.5 12.3 11.9 1"" 
I 92.00 ± 24.00 ± 1.00 | 



I < 0.019 1 



0.020 ± 0.003 
0.022 ± 0.003 



0.022 ± 0.003 



0.023 ± 0.002 



I < 0.0191 
I 0.031 ± 0.008 I 



0.03 ± 0.01 



0.04 ± 0.01 



I < 0.036 I 
0.04 ± 0.01 



0.06 ± 0.02 



I < 0.0551 
I < 0.036 1 



I < 0.1301 
I < 6.166 I 
I < 6.2OOI 
I < 0.241 
I 6.7 ± 2.TI 
I 7.67 ± O.WI 



I 6.8 ± 1.6l 
I 92 ± 24l 



OBSERVATION OF D + (S) K- AND EVIDENCE FOR D+(S) PI- FINAL STATES IN NEUTRAL B DECAYS {85M BB pairs) 

Measurements of branching fraetions for S*^ -S- -D + tt" and D+K" (657M BB pairs) ; Measurements of branching fractions for B^ -> D + tt" and D+ K' 

Obscrvation of BObar to Ds+ Lambda pbar {447M BB pairs) 
Observation of BObar - Ds+ Lambda pbar decay (449M BB pairs) 

Improved measurement of BObar - Ds-D+ and search for BObar - Ds+Ds- (449M BB pairs) 
Improved measurement of B^ — D~ and search for SO D~^D~ at Belle 



Measurement of B 



Dg*^ D* Branching Fractions and D'*D* Polarization with a Partial Reconstruction technique (22. 7M BB pairs) 



Study of B + ' X and B — >■ -D^*' X + "^ decays and measurement of and D^, ^ (2460) absolute branching fractions (230M BB pairs) ; 

Measurement of the 'B^ — )- and Df (j!>7r+ branching fractions (123M B'B pairs) ; D*^D* + 



O-D*^ -^^ ^ D*~D* + 

8a ■b^^d-D''+ ; S'' S"^r>*-D*+) 



Table 99: Product branching fractions of neutral B modes producing strange D mesons in units of 10 ^, upper limits are at 90% 
CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00202.html 



D7 In- <i(1020)\K+ K-]] \ 



P^D_^(2536)[jy~ (2007)1 



gTp- (2536)|D*~ (2010)jf°] 



D^D7 I(fi(1020l7i . , 

-D~-D?';^(2536)l-D'"'(2007)Jf+ + (2010)-^°] | 

_D*^ (2010)0 71 (2536)[0 '(20 07)y^l 



-d+\d: 



d(1020)7i 



^(2010)0 7; (2536) [-D*^To10)-K:"1 



D*~(2010)-Dtj^(2536)|g'"(2 007)if^ + I3* + (2010)K" 



D'- (2010)d'+ (2536)|g''T('2oio)K°] | 
+ (2010)[g7 -> i^(1020)7r~] I 



I 1.70 ± O.WI 
I 2.6 ± 1.T1 



I 3.3 ± 1.T1 
I 5.0 ± 1.T1 

I i.50 ± 0.90"! 



I 2.75 ± 0.62 ± 0.36 | 

I 5.01 ± 1.21 ± 0.70 I 
I 1 



BAB/W 


CDF LHCb Average 


1 1.47 ± 0.22 1 


1.71 ± 0.48 ± 0.32 


1 1.71 ± 0.58 1 


2.61 ± 1.03 ± 0.31 


1 2.6 ± 1.1 1 


2.67 ± 0.61 ± 0.47 


1 2.67 ± 0.77 1 


1 2.75 ± 0.72 1 


3.32 = CLXN ± 0.(10 


13.3 ±1.11 


4.14 ± 1.19 ± 0.94 


14.1 ±1.5 1 


5.00 ± 1.51 ± 0.G7 


1 5.0 ±1.7 1 


1 5.0 ± 1.4 1 


5.11 ± 0.94 ± 0.72 


1 5.1 ± 1.2 1 


l< 6.0 1 


1 12.2 ± 2.2 ± 2.2 1 


1 12.2 ± 3.1 1 



02 



Table 100: Ratios of branching fractions of neutral B modes producing strange D mesons in units of 10°, upper limits are at 90% 



CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00202.html 
Mode 



PDG 2010 Belle BABAR 



CDF 



B{B"^Dt'D+) 
BC^^^DT D+) 



LHCb Average 



B(lf-^D7 D+) 



B{B^D~D+) 
B(B°^D+n+n-TT-) 



B(B^D*~D''+(2010)) 
B(B°^Ds D+) 



0.90 ±0.20 ±0.10 



1.50 ±0.40 ±0.10 



I 1.99 ±0.13 ±0.11 ±0.451 



2.60 ±0.50 ±0.20 



0.90 ±0.22 



I 1.50 ±0.411 



1.99 ±0.48 



2.60 ±0.54 



Table 101: Branching fractions of neutral B modes producing baryons in units of 10 ^, upper limits are at 90% CL. The latest 
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00203.html 



05 
OX 



PDG 2010 



CDF LHCb 



Average 



ArvK'°(8 9ir\ 

a+ak- \ 



aTa^ 



] 



D''°f20071pp"| 
D"vv I "~ 



I I 



D*°(200 7)pp7r~ n + 
yl+p>J 



] 



(2010)p p7r~ I 
■— — n— T * 



3 



I < 0.0831 

I 2.00 ± 0!40~| 
l< 2.4 I 

I 4.3 ± 
\<6.2\ 
l< 3-8 I 



1 10.3 ± on 

I 11.40 ± OWI 



I 15.0 ± 5ir\ 



[ZM] 

I 22.0 ± 7ir\ 



33.8 ± 3.2 



50.0 ± 5.0 



I 54 ± 32 1 
I 130 ± 40~| 



r< 0.083 I 
I 2.19 ±g:li ±0.32 ± 0.57 | 



I < 3 3 I -' 
I 12.0 ±^ jj ±2.1~| 
I 11.8 ± 1^5 ± 1.6) 

I 16.3 ±11 ±2.8 ± 4.2] ^ 
I 12.0 ± l!o ± 2.0 ± STol '' 

I 14.0 ± 2.0 ± 2.0 ± 4.0 p 
1 < 15.9 1 ^ 



I 23.8 ±f l ±4.1 ± 



I 21.0 ± 2.0 ± 3.0 ± 5~ 



I 110 ±}g ±19 ± 29 I 



I < 0.190 1 



1.11 ± 0.30 ± 0.09 ± 0.29 



1.89 ± 0.21 ± 0.06 ± 0.49 



EZIZ] 

3.80 ± 0.80 ± 0.20 ± 1.00 



4.33 ± 0.82 ± 0.33 ± 1.13 



I 0.70 ± 0.70 ± 0.90"! 
I 10.20 ± 0.40 ± 0.60"| 



I 19.1 ± 3.6 ± 2.9 1 
I 19.4 ± 1.7 ± 1.4 ± 5Ar[ 



29,9 ± 2.1 ± 4.5 



33.2 ± 1,11 ± 2.9 



45.5 ± 1.6 ± 3.9 



I < 150 I 



I < 0.083 1 



1.11 ± 0.43 



1.98 ± 0.45 



I 3.8 ± 1.3 I 

I 4.3 ± 1.41 

l< 3-3 I 



I 9.9 ± 1.1 I 
I 10.36 ± 0.69 I 

I 12.9±1| I 



I 14.0 ± 4:9~| 



19.1 ± 4T6' 
19.4 ± 5~ 



1 2i.8±g:^ I 



29.9 ± 5.0 



33.2 ± 3.1 



45.5 ± 4~ 

I ■^9±40 I 
I 110 ± 37 1 



STUDY OF EXCLUSIVE B DECAYS TO CHARMED BARYONS AT BELLE, (31, 7M BB pairs) 



Study of the charmed baryonic decays B 



S + and B" 



S°pir+ (386M BB pairs) 



BObar to Sigmac(2455) + + pbar pi 



Table 102: Product branching fractions of neutral B modes producing baryons in units of 10 ^, upper limits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00203.html 



Mode 






PDG 2010 


Belle 


BABAR CDF LHCb 


Average 










1 < 0.150 1 


< 0.150 




1 2.2 ±2.3 1 


9.3 ±1^ ±1.9 ±2.4 


l< 5.6 1 


9.3±tf 





Table 103: Branching fractions of neutral B modes producing J/tpllS) in units of 10 ^, upper limits are at 90% CL. The latest 
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00204.html 



PDG 2010 



CDF 



LHCb 



05 



I .//i^(lS)<f.(1020) I 

I .JH>iii;\\ \ 

I jyi;^uj)'UiiQ2()) I 

I J/i(iy)f2{i^W] 



.J/^(1S)D°\ 



] 



I J/^{lS)p"(770) I 



J/^(1SW(958T\ 



J/^(1S)lj(782)K" I 



J/^(lS)K"o"(770) \ 

J/iillS)'K'"(892)Tv+'!T-' I 



J/^(1S)K" I 



J/ili(lS)T{^ 



J/^(1S)K'1(1270] 



J/^{1S)K^"{892) 



< 0.160 



< 0.094 
I < 0.46 I 



I 0.95 ± 0^191 



EZM] 

I 8.0 ± 47r| 

I 9.4 ± 2ir\ 

I 54 ± 30l 
I 66 ± 22l 
I i^O ± 40 I 
I 87.1 ± 3~2~1 
I 120 ± 40~| 
I 130 ± 50~| 

1 133.0 ± on 



I < 0.094 1 



I 0.98 ± 0.39 ± 
I < 0.49 I -* 









1 






0.90 ± 0.17 ± 0.07 




1 < 1.30 1 




1 < 2.0 1 




1.76 ± 0.16 




1 2.30 ± 0.50 ± 0.20 1 


4.60 ± 0.90 










1 2.20 ± 0.30 ± 0.20 r 






1 < 1.00 r 




2.70 ± 0.40 1 







1.90 ± 0.20 ± 0.20 
I > 1.10 I 



I 79.0 ± 4.0 ± 9.0 ±1~0~1 

I 130 ± 34 ± 25 ± i8~| 
I 129.0 ± 5.0 ± 13.0 ± 2.0 | 



r^o.160 1 

TTa!9oT 

I < 6.451 

\<2.7] 
I 1.69 ± 0.14 ± 0.07~| 

r^T2o~i 

I 2.V0± 0.30 ±0.20 I 



l< 6-3 I 

I 8.40 ± 2.60 ± 2.70 ± 0.20 | 
I 10.20 ± 3.80 ± 1.00 ± 0.20 | 
["23.0 ± 3.0 ± 3.0 I 



I 86.9 ± 2.2 ± 2.6 ± T75~l 
I 130.9 ± 2.6 ± 7.4 ±"2'2~| 



I 54.0 ± 29.0 ± 9.0 I 
I 66 ± 19 ± 11 I 
I V7 ± 41 TTT[ 



115 ± 23 ± 17 



103 ± 33 ± 15 



I 174 ± 20 ± 18 I 



< 0.160 
I < 0.90 I 



I 0.98 ± O"^ 
I 1.08 ± 0.13 I 



I < 1.30 I 
1.74 ± 0.15 



2.20 ± 0.36 



I > 1.10 I 
I 8.4 ± 3*81 
I 10.2 ± 3.9 I 
I 23.0 ± 4.2 I 
I 54 ± 30~| 
I 66 ± 221 
\77±i3\ 
I 86.3 ± 3T1 
I 103 ± 36~| 
I 130 ± 46~| 
I 133.2 ± 678~| 



Measurement of — ^ J/tpr}^'^ and determination of the r/ — r}' mixing angle (772M BB pairs) 
Observation of the decay B^ — )■ J/i^r/ (447M SS pairs) 

MEASUREMENT OF BRANCHING FRACTIONS IN BO — J/PSI PI+ PI- DECAY. (152M SB pairs) 
Study of S" J/j/jTV + TV^ decays with 449 million SB pairs at Belle (449M SS pairs) 



Table 104: Ratios of branching fractions of neutral B modes producing J /il){lS) in units of 10°, upper limits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00204.html 



-T 



..l/,l,(-\K\K-^+\ 



-m-t 



..r/,i,n,q^K-" 



■J /^(IS)K'" (S92)) 



I 1.39 ± 0:49~| 
I 1.5O±O.09~| 



I 0.47 ± 0.01 ± (Tosl 
I 0.70 ± 0.10 ± (TTiri 

I 1.34 ± 0.19 ± 0.13 ± 0.38 | 

I 1.51 ±0.05 ±0.08 I I 1.3^ ±6.36 j= 6.16 I 



Average 
I 0.47 ± 0.06 I 

I 0.70 ± 0.14 I 

I 1.30 ± ().iT\ 
I 1.34 ± 0~4ri 
I 1.50±0.05~| 



Table 105: Miscellaneous quantities of neutral B modes producing J/ip{lS) in units of 10°, upper limits are at 90% CL. The 



latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00204.html 



Mode 




PDG 2010 Belle BABAR CDF 


LHCb Average 




-i.J/i/'(15)i<'*0(892)) 


1 < 0.26 1 


1 < 0.26 1 




-^.J/^{1S)K'°{892)) 


1 < 0.32 1 


1 < 0.32 1 


U6P(B"- 


■^J/tP{lS)K''°{892)) 



Table 106: Branching fractions of neutral B modes producing cliarmonium other than J/iIj{1S) in units of 10 ^, upper limits are 
at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00205.html 



05 
CO 



Mode 






PDG 2010 


v„,(lPWO 1 




1 0.11 ± 0.03 










v.,(lP)-ff" 






1 < 0.26 1 




(892) 




0.66 ± 0.19 


v.nflPlK-" 


(892) 




1.70 ± 0.40 


v.,flP)if-" 


(892 






2.20 ± 0.40 






6.10 ± 1.00 


Y.U1P)K" 






3.90 ± 0.33 








3.80 ± 0.40 


K'"(892]iIj(2S) 




6.10 ± 0.50 


>7c(lS)if*"(892) 


1 


6.10 ± 1.00 



i/i(2S)7?''"(892) I 
v.nflP)7f-" (89271 



6.20 ± 0.60 
6.10 ± 0.50 



.7c (15)7?" I 



I Xc0(lP)X° I 



I 1.70 ± 0.40~| 
I 8.9 ± 1.6~| 

I 1.40 ± 0.60~| 



Belle 

I 0.11 ± 0.02 ± o.oTI 
I > 0.150 I 



I 3.10 ± 0.30 ± 0.70 I 



CDF 



LHCb 



Average 



1 5.52 ±°:: 



I 0.53 
^0.58 



I 16.2 ± 3.2 ±11 ±5!o~| 
feTf ± 1.1 I 



E 



I 12.3 ± 2.3 ±}:| ±3.8~| 



I < 0.28~l 

0.66 ± 0.18 ± 0.05 



. 1.70 ± 0.30 ± 0.20 . 
I 2.50 ± 0.20 ± 0.2(r| 

4.20 ± 0.30 ± 0.30 



5.11 ± 0.14 ± 0.. 



I s.o±U ±1.3±f:i I' 

I 5.70 ± O.fiO ± 0.40 ± 0.80 | ^ 



I 6.46 ± 0.65 ± (1.44 ± 0.25 



] I 6.49 ± 0.59 ± 0.94 ±11:25 



[ZIT] 

i6.4o±^:g!] ±o.4o-;en,^ 

I iiA±i.5±i.i±-i.i P 

r< 12.4 I 



I 9.00 ± 2.20 ± 0.90 I 



I 0.11 ± o'oT\ 

I > 0.150 I 
I < 0.28~| 



0.66 ± 0.1~ 
1.70 ± 0.36 



I 2.57 ± 0"26~| 

K3.9I 
I 4.20 ± 0.42 I 
I 5.11 ± 0.60 I 
l5.52±!|!d| ' 

|6:i±i:y V 



6.55 ± 0.66 



7.11 ± 0.62 



I 8.7 ± 1.9~| 
I < 12.4 I 



Evidence for the — f ppK*^ and P^ — ^ r]^^^*^ decays and Study of the Decay Dynamics of B Meson Decays into pph Final States. (232M BB pairs) 
Study of B-meson decays to etac K(*), ctac(2S) K(*) and etac gamma K(*) 



Brandling Fraction Measurements of B — > r](^K Decays (86. IM BB pairs) 



Table 107: Product branching fractions of neutral B modes producing charmonium other than J/iIj{1S) in units of 10 ^, upper 
limits are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00205.html 



Mode PDG 2010 Belle BABAR CDF LHCb Average 



i^V(3770)fD0D°l 




1 < 1.23 1 


1 < 1.23 1 


1 < 1.23 1 


ZV(3770)[D+D-1 




1 < 1.88 1 


1 < 1.88 1 


1 < 1.88 1 


K*\892)KilP)[VcilSh] 




K2.2I 


l< 2.2 1 



Table 108: Ratios of branching fractions of neutral B modes producing charmonium other than J /ipilS) in units of 10°, upper 
limits are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00205.html 



B(B"^fec(lP)-K*^(892))xB(fce(lP)^T|c(lS)7) 



CDF LHCb 



B(B"-^fec(lP)-K'"(892))xB(hc(lP)^T|c(lS)7) 
(1 «^y*"(892)) 



Average 



B(-B°^t;c(1S)k'')" 



B(b"->j/-(2S)K"'"'(892)) 



!"^.7e(lS)Jf '(892)) 
3('B"^,,e(lS)lc") 



I 0.72 ± 0:161 

I 0.99 ± OaW\ 
I 1.3Q±0.40~| 



I 1.33±0.36±[;ir| 



I < 0.39 I 



I 0.72 ± 0.11 ± 0.12 I 
I 6.i^V±6.ia±o.oV I 
I 1.00 ± 0.14 ± 0.09 I 



I < 0.261 
I < 0.391 
I 0.67 ± O.TTI 
I 0.72 ± OTG^ 
I 6.8V±6.iir| 
I 1.00 ± 0~T7l 

I i-33±i!:g I 



Table 109: Branching fractions of neutral B modes producing multiple D, D* or D** mesons in units of 10 ^, upper limits are at 
90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00206.html 



IS3 



CDF LHCb 



Average 



D*" (200710*° (2007)1 



D-D+ I 



D°£°K° I 

D°"D*°(2007) I 

D"- (2010)D ^ I 

D+D-K"\ 

O* + (2010)-D''~ (201o7] 



D+D°K- I _ 
O°"D*°(2007'iy° I 



O'' + (2010)D"X 



D+~D'"(2007]K . 

0*^(201010^ I 



-D''~(2010)£)*+(2010)jf° 



0* + (2010)7?*" (2007) AT' 



I < 0.043~l 
I < 0.090~l 

I O.il ± 0.03"! 



I < 0.29 I 
0.75 ± 0.17 



0.82 ± 0.09 



I 1.07 ± o~Tr 



I 1.10 ± ( ~ 



"(2007)D*"(2007 )A"°n | 2.40 ± 0.90 
^ ' ' 



1 2.47 ± (r2r 



I 3.50 ± 0.~ 



6.40 ± 0.50 



8.10 ± 0.70 



I 10.60 ± 090"! 



I 0.17 ± 0.07±g ;g| 



I 0.32 ± 0.06 ± 0.05~| ^ 

\().i()±().<}i±ti.oi 1^ 

I (1.211'i li ^. I ^ -- 11.11117 | 3 



I < 0.060 1 
I < 0.090 1 



I 0.28 ± 0.04 ± 0.03 ± 0.04 | 



1.17 ± 0.26 ± 



ro.27 ± 0.10 ± 0.05 I 

I < 0.29 I 

g 12 ±0.08"! I 0.57 ± 0.07 ± 0.06 ± 0.04 | 
ro"75 ± 0.12 ± 0.12 I 



0.81 ± 0.08 ± 0.11 



I 0.81 ± 0.06 ± 0.09 ± 0.05 | 



I .i.40 ± 0.40 ± 0.7i I 



1 1.117 ± 0.117 ± 


).IJ9 1 


1 l.DS ± 0.:i2 ± 


.,36 1 


1 2.40 ± 0.55 ± 


,.67 1 


1 2.47 ± 0.10 ± 


).1S 1 


1 :i,4(i ± O.IX ± 


,.37 1 


1 4.40 ± 0.40 ± ().7( 


± 0.04 1 




6.41 ± 0,:',(i ± 


,.39 






S,2lj ± 0,4:j ± 


,.67 





I 10.60 ± 0.33 ± 0.86~| 



I < 0.04'2n 
I < 0.09"0"1 
I 0.17 ± 0.08 I 
I 0.21 ± 0.01 I 



I 0.27 ± 0.11 I 

I < 0.29~| 
I 0.62 ± 0~09~| 
0.75 ± o.ir 



0.79 ± 0.06 



1.07 ± oTTT 

1.08 ± 0.48 



2.40 ± 0.87 
2.47 ± 0.21 



3.46 ± 0.41 
I 3.90 ± o'sTT 



6.41 ± 0.53 
8.26 ± 0.80 
I 10.60 ± 0.92 I 



Observation of S" -> D + D^, D°D^ and D° D'~ decays (152M SB pairs) 

Evidence for CP Violation in BO - D + D- Decays (535M SB pairs) 
B D + D~ (772M BS pairs) 

Branching Fraction, Polarization and CP-Violating Asymmetries in B^ — y D*'^ D* ^ Decays (152M BB pairs) 



Table 110: Product branching fractions of neutral B modes producing multiple D, D* or D** mesons in units of 10 upper 
limits are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00206.html 



'f2460)[g°7r+l I 



-D;+ (2460)10-1- (2oio)7r~7r+1 



C^(2420)|D''T(2010)7r~ 7rT 



' D+ (242Q)|P'r7r~7r-^r[' 



(246U)|g*°(2007)7r+] | 



-(2460)10''^ 



f2420)[O'"'(2007)7r+l"|^ 



I 0.18 ± O-Tis-l 
I < 0.241 
I < 0.33~| 



I < 0.24 I 

I < d.iS I 

I 1 



I 6.8ii ± 0.i5~| I 0.89 ± 0.15 ± 0.17±[;:! 
I 0.60 ± 0.30~| I I ~ 



I 2.15 ± 0~35~| 
I 4.1 ± 1.6 1 



I 0.18 ± 0.04 ± 0.03 I 



I 4.16 ± ± i.flo ± 6.1ir| 



I 0.18 ± O.WI 
I < 0.24T 
I < 0.33 I 
I < 0.70 I 

I o-89±o:34 I 

I < 1.201"^ 



3.68±,i,:j.g 

I 4.1 jz 1.6 I 



Table 111: Ratios of branching fractions of neutral B modes producing multiple D, D* or D** mesons in units of 10 ^, upper 



limits are at 90% CL. The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00206.html 



-J 



(2420)7T 



PDG 2010 



CDF 



B(B°->D+ff ~) 



(201"0)J^ ) 



B(B" 



>£3"^ (20T(r)7r~ ) 



B(B" 



BfB"^n+^-l 



(2010)m 



B(b"^£>*+ (2010)Tr- ) 



I 0.68 ± 0.15 ± 0.07 I 

I 0.74 ± 0.15 ± 0.06 I I 0.78 ± 0.03 ± 0.03 | 
± 2.2 ± 2."9n 
I 9.90 ± 1.10 ± 0.80"! 

I 16.6 ±W1 



LHCb 



Average 



I 98.0 ± 10.0 ± 6.0 ± 12.0 I 
I 177.0 ± 23.0 ± 6.0 ± 12.0 | 



I 0.21 ± o.05±[j gl I I 0.21 ± o.'oen 

I 0.52 ± 0.09 ± 0.0.5~| I 0.52 ± 0.10 | 
I 0.68 ± 0.17 I 
I 0.77 ± 0.04 I 
I 7.7 ± 3.6 I 
I 9.9 ± 1.4 I 
[ 16.0 ± 8.6 I 
I 23.8 ± 1.1 ± 2.1 I I 23.8 ± 274^ 

fwrvn 

I 177 ± 27 I 



Table 112: Branching fractions of neutral B modes producing a single D* or D** meson in units of 10 ^, upper limits are at 90% 
CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00207.html 



-D*°f2007)-K'" I 



g "(2007)^ "(8921 



g*"f2007~'"(8921 
g'"f2007'ln'f958'l I 
f9d270')g*"("2007') I 



g*'y(2010)iy~ I 



D'"(2007')Tp 
D*-^('2010)i<'"7r- I 



D"^("2010Tk^ 

2007)6^(782) I 
g"'(2007)p"(770) I 



Il92) I 



at 







D*"(2007)ir^7r- | 








D*^ (20W)K^ K*° 


(892) 1 




D*"(20H7)tT^ TT + TV' 


-.+ 1 


I3*^(2010)ir- 1 








D*+(2010)tj(782)7r 




D*^(2010)7r^Tr^7r 


TT 7r 



PDG 2010 


Belle 


BABAR 


0.36 ± 0.12 


1 < 0.66 1 


1 0.36 ± 0.12 ± 0.03 1 


1 < 0.40 1 


1 < 0.69 1 


1 < 0.69 1 




1.23 ±0.35 1 1 1.21 ± 0.34 ± 0.22 1 


1 1.48 ± 0.22 ± 0.13 1 








2.14 ± 0.16 


1 2.04 ± 0.41 ± 0.17 ± 0.16 | 


1.70 ± 0.40 


1 1.39 ± 0.18 ± 0.26 1 


1 3.05 ± 0.14 ± 0.28 1 


2.00 ± 0.50 


1 1.40 ± 0.28 ± 0.26 1 


1 2.69 ± 0.14 ± 0.23 | 


3.00 ± 0.80 




3.00 ± 0.70 ± 0.22 ± 0.20 


3.30 ± 0.60 


3.20 ± 0.60 ± 0.27 ± 0.12 


3.S()±o.Vo 


1 :S.29± 6.3d ±0.40 | 


1 4.55 ± 0.24 ± 0.39 | 


I<5.1| 

1 ., 11.18 12 



CDF LHCb 



Average 



O^(2010)7r~ 



[ZIZI 

I 6.2 ± 2.2~| 



I 21.0 ± lOTol 
I 27.0 ± 5"on 



I - ■ ■ 



r^^^ 

[ZiZl 

I 6.2 ± 1.2 ± 1.8 1 ^ 
I 12.9 ± 2.2 ± 2.5 1 
I 26.0 ± 4.7 ± 3.7 1 
I ,.i.UU 31 U.6U ± l.lii I 



I 47.2 ± 5.9 ± 7.1 I 
I 68.1 ± 2.3 ± 7.2 I 



I 23.4 ± 6.5 ± 8.8 | 



I 27.90 ± 0.80 ± 1.70 ± 0.05 | ^ 
I :^a.9±2.3±2.4 |-J 
I 28.8 ± 2.1 ± 2.8 ± 1.4 | 



I 0.36 ± 0~T2~| 
I < 0.4(r| 

, , 

I 1 .40 + 0.2 2 I 

I 2.04 ± 0.47 I 
2.23 ± 0.22 
2.26 ± 0.22 

I 3.00 ± 0.76 I 

I 3.20 ± 0.67 I 
I 3.64 ± 0.35 I 

I 3.73 ± 0.99 I 



I 9.0 ± 1.4~| 



I 12.9 ± 3!3~| 
I 23 ± 11"! 

26.0 ± 6~ 

ie.i ± 1.3 



I 28.8 ± 3!8~| 
I 47.2 ± 9!2~| 
I 68.1 ± 7T1 



Study of B° -> D<*'°Tr+7r Decays (31. 3M BB pairs) 

Study of if -+ D<*'°Tr+7r^ decays ; Dalitz fit analysis (152M SB pairs) 

Branching fraction measurements and isospin analyses for B — ^ £)^*^7r^ decays (65M BB pairs) ; B^ Z)*^7r~ 
Measurement of the Absolute Branching Fractions B Z)^*'**^7r with a Missing Mass method (231M BB pairs) ; 



Table 113: Branching fractions of neutral B modes producing a single D meson in units of 10 upper limits are at 90% CL. The 
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00208.html 



05 



"(892) I 



D"K- .. . 
£l°"K''°f89271 



D°v'(958) 



D"ui(782)'\ 



(770) I 



D + K-K° I 



g + A"'~(89 2) I 



g + A'~ K'' °(892) I 



I < 0.110 I 
0.06 ± 0.04 



0.42 ± 0.06 



0.52 ± 0.07 



0.88±0.lV 
1.25 ± 0.23 



1.20 ± 0.40 



00 ±0.60 
2.02 ± 0.35 



2.59 ± 0.30" 
2.61 ± 0.24 



4.50 ± 0.70 



4.90 ± 0.90 



I 26.8 ± iXI 



I < 0.180 1 



0.50 ±;;:t2 ±o.o6 



I 1.14 ± 0.20±!^ iin 

I :S.64 ± 0.^5 j= o.:^i j= Q.:S71 

I 1.77 ± 0.16 ± 0.21 I 
I 2.37 ± 0.23 ± cr28n 
2.25 ± 0.14 ± 0.35 



I 2.90 ± 1.00 ± 0.40 l'- 

— — n<3ZJ~^ 



I 1.1 ± 1.5 I 

I 8.00 ± 0.60 ± 1.50 V 

|1.,.,U^U..,U^.— 1 ^ 



I < o.iToH 

I < 0.190 I 
0.40 ± 0.07 ± 0.03 



0.53 ± 0.07 ± 0.03 



0.88 ± 0.15 ± 0.09 
1.48 ± 0.13 ± 0.07 



2.53 ± 0.09 ± 0.11 



2.57 ± 0.11 ± 0.14 
2.69 ± 0.09 ± 0.13 



) ± 0.60 ± 0.47 ± 0.16 



4.90 ± 0.70 ± 0.38 ± 0.32 



I 2.01 ± 0.18 ± 0.14~| 



I 25.50 ± 0.50 ± 1.60 ± 0.10 p 
I 30.3 ± 2.3 ± 2.3 r 



Average 
I < O.llOl 
I < 0.1901 
I 0.42 ± 0.06"1 
I 0.52 ± 0.071 
I 0.88 ±0.lV I 
I 1.39 ± 0.13 I 

2.01 ± 0.21 



2.36 ± OTIS' 
2.53 ± 0.16 



2.62 ± 0715" 



2.91±^ 



4.60 ± 0.78 



4.90 ± 0.86 



I ii.i±i.9 I 

I 9.V8 j=0.95~| 



I 26.5 ± iTI 



1 Study of S" D(*'°7r+7r^ Decays (31. 3M BB pairs) 

^ Study of b" I5(*'''7r+7r^ decays ; Dalitz fit analysis (152M SB pairs) 



Measurement of the Absolute Branching Fractions B —J- ]J^* with a Missing Mass method (231M BB pairs) 



B" -+ D-<-TT- 



Table 114: Product branching fractions of neutral B modes producing a single D meson in units of 10 ^, upper limits are at 90% 

html 

CDF LHCb Average 



CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00208.html 
Mode 



PDG 2010 Belle 



BABAR 



Table 115: Branching fractions of strange B modes producing strange D mesons in units of 10 ^, upper limits are at 90% CL. 



The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00402.html 



Mode 



PDG 2010 



Belle 



BABAR CDF 



LHCb 



Average 



00 



D 



D+Ti- 



0.24 ±1^^ ±0.03 ±0.03 



2.40 ±[ii[j ±0.30 ±0.30 





8.5 ±\i ±1-1 ± 1-3 


DtD- 




in n _l4.0 i3.0 
iU.U ICg^Q 312,0 




D:-p~ (770) 


11.8 ±|g ±1.7 ± 1.8 






28.0 ±?:[J ±7.0 








31.0±i2;0 ±8.0 





0.20 ± 0.02 ±Hi ±',fi 



3.04 ± 0.19 ±0.23±°;^^ 



0.20 ± 0.03 



2 ^Oi"-**^ 



3.15 ± 0.31 



8.5 ± 2.1 



io.o±- 



11.8± 
" 28± 
31± 



¥ 

13 



Table 116: Ratios of branching fractions of strange B modes producing strange D mesons in units of 10 ^, upper limits are at 
90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00402.html 



Mode 



PDG 2010 Belle BABAR 



CDF 



LHCb 



B{b"^D*+ (2573) fi-u^X~ 



Average 



i3(b: 



B(B,^DtK-) 




— ^V-^ 1^ — ' ---^ s " ^ 

B(Bl^DtTT+TT- 




B(B'^-¥D+TT+n-TT-) 


B(B:^Dtn-) 




BiB^'^D+n-) 


B(b'I^D7DT) 


B(b"^D7 D+) 



g(g;^D+7r-7r+7r-) 



1 



1.07 ±0.19 ±0.08 I 



10.50 ±1.00 ±2.20 



11.30 ± 0.80 ± 0.50 ± 1.50 
I 16.7 ±4.1 ±1.2 ±4.61 



I 0.33 ±0.11 ±0.04 I I 0.33 ± 0.12 



I 0.54 ±0.12 ±0.05 I I 0.54 ± 0.13 



1.07 ±0.21 



I 20.1 ±3.7 ±2:01 



I 10.5 ±2.4 I 
I 11.3 ± 1.8 I 
I 16.7 ±6.3 I 
20.1 ± 4.2 



Table 117: Branching fractions of strange B modes producing baryons in units of 10 ^, upper limits are at 90% CL. The latest 



version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00403.html 



00 
o 



Mode 



PDG 2010 



Belle 



BABAR CDF LHCb Average 



Atn-A 



I 4.80 ± 1.40 ±0.90 ± 1.301 



4.8 ± 2.1 



Table 118: Branching fractions of strange B modes producing J/%l){\S) in units of 10 ^, upper limits are at 90% CL. The latest 
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00404.html 



Mode 

J/^(lS)7f" I 



PDG 2010 



Average 



J /tb(lS)K^TT~ I 

jyj.(ij,')j.('iu2oTi 



I 5.11 ± 0.50 ± 0.35 ± 0.68 | 







0.89 ±, 


Mi ±<'-"' 



0.33 ± 0.06 



0.35 ± 0.14 



0.39 ± 0.09 
5.11 ± 0.91 



Table 119: Product branching fractions of strange B modes producing J/iIj{1S) in units of 10 ^, upper limits are at 90% CL. The 



latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00404.html 
Mode 



PDG 2010 



Belle 



BABAR CDF LHCb 



Average 



J/ij{lS)fo{1370)[n+n-] 




n Q/1 -UO.ll _|_0.03_|_0.08 
U.O^ ="=0.14 ="=0.02 ="=0.05 






D.34± 0.14 




J/^(15)/o(980)[7r+7r-] 




1 1 a _|_0.31 _i_0.15_i_0.26 
I.IU :J^Q ig =Co.l7='=0.19 




1 16-1-0.43 
J.. J-UZCq 32 





Table 120: Ratios of branching fractions of strange B modes producing J /ip{lS) in units of 10 ^, upper limits are at 90% CL. 
The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00404.html 



Mode 



PDG 2010 Belle BABM 



CDF 



LHCb 



Average 



B{B'-'-^J/xl,{lS)K%) 
B(b''^JM1S)K0) 



B{B"'^J/i(,(lS)n+n-) 
BCB^!^ J /^b(lSU( 1020)) 



g(J?,^J/V>(lS)/o(980)) 
B(B°^J/ib(lS)6(l020)) 



g(g:^J/V.(lS)/^(1525)) 
B('Wi^J/ib(lS)d>(W20)) 



B{B^^ip(2S)^{1020)) 
g(j?°^J/V>(lS).}!»(1020))" 



I 0.38 ± 0.06 ± 0.02 ± 0.03~| | 0.38 ± 0.07 



I 1.62 ±0.22 ±0.16 I 



1.62 ± 0.27 



9 CO 4-0.46 I 0.27 
z.oz 3=0^32 =t:o.33 



2 + 



I 2.64 ±0.27 ±0.24 I 



2.64 ± 0.36 



I 5.20 ±1.30 ±0.70 I I 6.80 ± 1.00 ±0.90 ±0.70~| | 6.0 ± 1.1 



Table 121: Ratios of branching fractions of strange B modes producing multiple D, D* or D** mesons in units of 10 , upper limits 
are at 90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00406.html 



00 



Mode 



PDG 2010 Belle BABAR CDF 



LHCb 



Average 



B{B-^D0p0(770)) 



I 1.48 ±0.34 ±0.15 ±0.121 | 1.48 ± 0.39 



00 



Table 122: Branching fractions of strange B modes producing a single D meson in units of 10 ^, upper limits are at 90% CL. 

Average 



The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00408.html 
Mode 



PDG 2010 Belle BABAR CDF 



LHCb 



D°K*\892) 



I 4.72 ± 1.07 ±0.48 ±0.371 | 4.7 ± 1.2 



Table 123: Ratios of branching fractions of charmed B modes producing J/iIj{1S) in units of 10 ^, upper hmits are at 90% CL. 
The latest version is available at: http:/ /hfag.phys.ntu.edu.tw/b2charm/00504.html 



Mode PDG 2010 Belle BABAR CDF LHCb Average 











a(B+)xB(B+^J/tb(lS)K-^ 


) 


1 0.22 ± 0.08 ± 0.02 1 


0.22 ± 0.08 


S(ii+^J/^/.(li>+7r-7r+) 


1 30.0 ±6.0 ±4.0 1 


30.0 ± 7.2 



Table 124: Branching fractions of Ab modes producing baryons in units of 10 ^, upper limits are at 90% CL. The latest version 



is available at: http://hfag.phys.ntu.edu.tw/b2charm/00603.html 



00 

05 



Mode 



PDG 2010 Belle BABAR 



CDF 



LHCb Average 



J/^{1S)A 



I 4.7 ± 2.1 ±1:91 



I 4.7 ±2.8 I 



Table 125: Ratios of branching fractions of Af, modes producing baryons in units of 10 ^, upper limits are at 90% CL. The latest 
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00603.html 



Mode 



PDG 2010 Belle BaBAR 



CDF 



LHCb 



g(yl°^/l+7r-7r+7r- 



Average 



g(/l^'-i-/l+(2625)7r-)x (2625)^1? TV TV 
B(AO^A+TT-TT+n-) 



g(/l^'-i-yl+(2595)7r-)x (A+ (2595)^A+ tt' 
BlAO^A+TT-TT+n-) 



13(A^,^A+TT-7r+n-) 



B{Al-^D"pjr ^ 
BjA'-l^pOpn- 



BUl-^At^-) 



B(Al^A-n+) 

Bilf-fD + TT-) 



B(aI^A-7t+) 



I 33.0^3.0^4.0^ 11.0 I 



200.0 ± 30.0 ± 12. o±;^^% 



1 0.42^ 0.18 ^"mm 

I 0.43^ 0.15 ^"TTUn 



0.44± 0.17^°:°^ 



I 0.74 ±0.24 ±0.12 I 



1.12± 0.19±°;}^ 



U.42 ± U.19 



U.43 ± U.16 



U.44 ± U.18 



0.74 ± 0.27 



1.12 ± 0.23 



I 14.3 ± 1.6 ±01 I 14.3 ±2.1 



Table 126: Branching fractions of miscellaneous modes producing charmed particles in units of 10 ^, upper limits are at 90% CL. 



The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00300.html 



t— » 

00 
00 


Mode 


PDG 2010 


Belle 


BABAR CDF LHCb 


Average 








1.27±0.31±0:i 




1 27+0-38 

^■^ ' ="=0.50 



Table 127: Product branching fractions of miscellaneous modes producing charmed particles in units of 10 upper limits are at 



90% CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00300.html 



00 

CO 



PDG 2010 



CDF 



Average 



Table 128: Miscellaneous quantities of miscellaneous modes producing charmed particles in units of 10°, upper limits are at 90% 
CL. The latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00300.html 



CO 
o 



Xei(li^)K')~| 

Xci(iP)iFj 



j/^(ig)jf )f 



l.4n|-(B^ J/^(1S)K') 



(B Y.UlDlT) 



I -2.887 ± 0.090 ± 0.008 | 



0.195 ± 0.012 ± 0.008 



0.231 iO.Oli ±0.068 



I 0.5V4 jz O.Oi:^ ± 0.00^ I 
I 2.938 ± 0.064 ± 0.0T0~| 



Average 



-2.93 ± 0.08 ± 0.04 
-2.80 ± 0.40 ± 0.10 



I 0.00 ± 0.30 ± O.lTTI 



0.03 ± 0.04 ± 0.02 
0.20 ± 0.07 ± 0.04 



0.233 ± 0.010 ± 0.005 



0.211 ± 0.010 ± o.ooe 



I 0.22 ± O.OG ± O.OT"! 



0.30 ± 0.06 ± (1.02 I 
0.48 ± 0.05 ± 0.02 



I 0.556 ± O.OOH ± 0.010 | 
I 0.77 ± 0.07 ± 0.04 I 



2.80 ± 0.30 ± 0.10 



2.91 ± 0.05 ± 0.03 



-2.91 ± 0.0~ 
-2.80 ± 0.41 



I 0.00 ± 0.'32~| 



0.20 ± 0.08 



0.219 ± 0.009 



6.ild ± 0.009 



0.22 ± 0.06 



0.30 ± 0.0^ 
0.48 ± 0.05 



0.5(5 ±6.01 
0.77 ± 0.08 



2.80 ± 0.32" 
2.92 ± 0.04 



7 B decays to charmless final states 



The aim of this section is to provide the branching fractions, polarization fractions, and the par- 
tial rate asymmetries (Acp) of charmless B decays. The asymmetry is defined as Acp = jv-+jVg ; 

where Nj^ and Nb are respectively number of / B~ and B^ j B^ decaying into a specific final 
state. Four different B decay categories are considered: charmless mesonic, baryonic, radia- 
tive and leptonic. We also include measurements of Bg decays. Measurements supported with 
written documents are accepted in the averages; written documents include journal papers, 
conference contributed papers, preprints or conference proceedings. Results from Acp mea- 
surements obtained from time dependent analyses are listed and described in Sec. HI 

So far all branching fractions from BABMl and Belle assume equal production of charged 
and neutral B pairs. The best measurements to date show that this is still a reasonable 
approximation (see Sec. [3]). For branching fractions, we provide either averages or the most 
stringent 90% confidence level upper limits. If one or more experiments have measurements 
with >4cT for a decay channel, all available central values for that channel are used in the 
averaging. We also give central values and errors for cases where the significance of the average 
value is at least Scr, even if no single measurement is above Aa. Since a few decay modes are 
sensitive to the contribution of new physics and the current experimental upper limits are not 
far from the Standard Model expectation, we provide the combined upper limits or averages in 
these cases. Their upper limits can be estimated assuming that the errors are Gaussian. For 
Acp we provide averages in all cases. 

Our averaging is performed by maximizing the likelihood, C = where Vi is the 

i 

probability density function (PDF) of the ith measurement, and x is the branching fraction 
or Acp- The PDF is modeled by an asymmetric Gaussian function with the measured central 
value as its mean and the quadratic sum of the statistical and systematic errors as the standard 
deviations. The experimental uncertainties are considered to be uncorrelated with each other 
when the averaging is performed. No error scaling is applied when the fit is greater than 1 
since we believe that tends to overestimate the errors except in cases of extreme disagreement 
(we have no such cases). One exception to consider the correlated systematic errors is the 
inclusive B — )■ Xgj mode, which is sensitive to physics beyond the Standard Model. In this 
update, we have included new measurements from both Belle and BABAR to perform the average. 
The detail is described in Sec. 17.31 

At present, we have measurements of more than 400 decay modes, reported in about 300 
papers. Because the number of references is so large, we do not include them with the tables 
shown here but the full set of references is available quickly from active gifs at the "2011" link 
on the rare web page: http://www.slac.stanford.edu/xorg/hfag/rare/index.html. The 
largest improvement since the last report has been inclusion of a variety of new measurements 
from the LHC, especially LHCb. The measurements of Bg decays are particularly noteworthy. 

7.1 Mesonic charmless decays 



191 



Table 129: Branching fractions (BF) of charmless mesonic decays with kaons (in units of 
xlO^)). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


CLEO CDF 


New avg. 


220 




23.1 it 1.0 


23 q + 1 1+10 


23 97+l^'5S + 69 
zo.yi _o,52 ^ ^-^-^ 


18 8+^-1+?-^ 


23 Sn + 74 


zz 1 


i\ 7r 


iz.y It u.o 


io.O It U.u It U. J 


iz.Dz ± u.oi ± U.uD 


-.r, Q+2.4+1.2 

12. y_2, 2-1.1 


1 O/l +0.52 


222 




70.6 it 2.5 


71.5 it 1.3 ± 3.2 


69.2 ± 2.2 ± 3.7 


80Ig ± 7 


71.1 ± 2.6 


223 


ri'K*+ 


^•^-1.9 


4.8li;4 ± 0-8 


< 2.9 


11 1+12.7 
-'--'-■-'--8.0 


5 0+-'-* 
3-U_i.6 


— 


ri'K^{U30)+ 


New 


5.2 ± 1.9 ± 1.0 






5.2 ± 2.1 


- 


r)'i<:j{1430)+ 


New 


28.0j:4 3 ± 2.6 






28.0l^;3 


224 


riK+ 


cy QQ~I~0.33 

z.ciO_Q 29 


2.9410-39 ± 0.21 


2.12 ± 0.23 ± 0.11 


9 0+2. 8 
■^•^-2.2 


qc;+0.22 
Z.OD_o 21 


225 


■qK*+ 


19.3 ± 1.6 


18.9 it 1.8 ±1.3 


19.31 i g ± 1-5 


26.4l^-^ ± 3.3 


19.3 ± 1.6 


226 


■nK*{li?,Q) + 


15.8 ±3.1 


15.8 ±2.2 ±2.2 






15.8 ±3.1 


227 


?yii'|(1430) + 
r?(1295)X+t 


9.1 it 3.0 


9.1 ±2.7 ±1.4 






9.1 ± 3.0 


228 




< 4.0 






< 4.0 


230 


r?{1405)K+t 


< 1.2 


< 1.2 






< 1.2 


231 


r?(1475)A'+t 


13.8l?;l 


^■^■°-1.7-0.6 






13.812.1 


232 


/l(1285)K+ 


< 2.0 


< 2.0 






< 2.0 


233 


/l{1420)E'+t 


< 2.9 


< 2.9 






< 2.9 


235 


0(168O)ft:+t 


< 3.4 


< 3.4 




3.2li-g ±0.8 


< 3.4 


236 


ujK+ 


6.7 it 0.8 


6.3 ±0.5 ±0.3 


8.1 ±0.6 ±0.6 


6.7 ±0.5 


237 


u}K*+ 


< 7.4 


< 7.4 




< 87 


< 7.4 


239 




24.0 it 5.1 


24.0 ± 2.6 ± 4.4 






24.0 ± 5.1 


Z4U 


, > u^* ( ^ A'i(\\-\- 
ujl\ 2 l^l4oU ) 


OI c: _|_ /I Q 
Zl.O it 4.0 


Zl.O It O.D ± Z.4 






01 c; ^ /I Q 


0/1 n 
z4U 


< Z.O 


< z.o 






< Z.O 






^ o 
<. rj.y 


< o.y 






^ o.y 


243 




10.1 lb 0.9 


10.8 ± 0.6li['4 


9.7±0.6lo;3 


7.6^3.0 ± 1-6 


Q Q+0.8 


244 




6.9 lb 2.4 


8.2 ± 1.5 ± 1.1 




— -.-Hill 1 - 


8.2 ± 1.8 


245 


K + TT + TT- 


51 ±2.9 


54.4 ± 1.1 ±4.6 


48.8 ± 1.1 ± 3.6 


51.0 ±3.0 


246 






9.3± l.Otf ? 


16.9 ± i.3j;}:g 


< 28 


16.3 ±2.0 


— 




New 


16.2 ± 1.2 ± 1.5 






16.2 ± 1.9 


248 


/o(980)i4'+ t 




10.3±0.5li;0 


8.8±0.8iO-| 




9.4l0;9 


249 


/2(1270)fft:+ 


1.07 it 0.27 


0.88±0.26l0;2i 


1.33 ±0.3010-34 




1.06lO;fg 


250 


/o (1370)0 X+ t 


< 10.7 


< 10.7 






< 10.7 


251 


pO(1450)ii:+ 


< 11.7 


< 11.7 






< 11.7 


253 


/o(1500)i^+ t 
/^(1525)i^+ t 


0.73 it 0.52 


0.73 ±0.21 ±0.47 






0.73 ±0.52 


254 


< 3.4 


< 3.4 


< 4.9 




< 3.4 


255 


pOi^+ 


3.7 it 0.5 


3.56±0.45l0;57 


3.89 ± 0.4710 41 


8.4l;^-0 ± 1.8 


01 +0.48 
3-Si_o.46 


256 


ft:,;; (1430)071+ 


45l? 


32.0 ± 1.2lg0^* 


51.6 ± 1.71^-0 




45.1 ±6.3 


257 


ft:j(1430)07r+ 




5.6±1.2tj;| 


< 6.9 




K c + 2.2 
5.6I1 4 


258 


ft:*(1410)07r+ 


< 45 




< 45 




< 45 


259 


ft:*(1680)07r+ 


< 12 


< 15 


< 12 




< 12 


260 




< 0.95 


< 0.95 


< 4.5 




< 0.95 


262 


ft:i(1270)07r+ 


< 40 


< 40 






<40 


263 


Xi(1400)07r+ 


< 39 


< 39 






< 39 


264 


XOtt+ttO 


< 66 






< 66 


< 66 


265 


p+i^o 


8.0 it 1.5 


s.oti';^ ± 0.6 




< 48 


8.oi;-5 


266 




75 it 10 


75.3 ±6.0 ±8.1 






75.3 ± 10.1 


267 


A'*+pO 


< 6.1 


4.6 ± 1.0 ±0.4 




< 74 


4.6 ± 1.1 


268 


/o(980)ft'*+ t 


5.2 it 1.3 


4.2 ±0.6 ±0.3 






4.2 ± 0.7 



fProduct BF - daughter BF taken to be 100% 
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Table 130: Branching Fractions (BF) of charmless mesonic decays with kaons - part 2 (in 
units of 10~^). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


CLEO 


CDF 


New avg. 


9fiQ 
zoy 
















270 


b+K° t 


9.6 ± 1.9 


9.6 ± 1.7 ± 0.9 








9.6 ± 1.9 


271 


K*°p+ 


9.2 ± 1.5 


9.6 ± 1.7 ± 1.5 


8.9 ± 1.7 ± 1.2 






9.2 ± 1.5 


274 


bOK+ t 


9.1 ± 2.0 


9.1 ± 1.7 ± 1.0 








9.1 ± 2.0 


Z io 


h+ K*° + 


< o.y 


< o.y 








<, O.y 


276 


blK"^ t 


< 6.7 


< 6.7 








< 6.7 


277 


K+Tf 


1.36 ±0.27 


1.61 ±0.44 ±0.09 


l.lllolJg ±0.05 


< 3.3 




1.19 ±0.18 


278 




< 24 






< 24 




< 24 


279 


K+KsKs 


11.5 ±1.3 


10.7±1.2±1.0 


13.4 ± 1.9 ± 1.5 






11.5 ± 1.3 


280 


KsKsn+ 


< 0.51 


< 0.51 


< 3.2 






< 0.51 


281 


K+K-1T+ 


5.0 ±0.7 


5.0 ±0.5 ±0.5 


< 13 






5.0 ±0.7 


283 


K''°K+ 


< 1.1 


< 1.1 




< 5.3 




< 1.1 


284 


kI{U30)° K+ 
kI(U30)° K+ 


< 2.2 


< 2.2 








< 2.2 




New 










< 1.1 


285 


K+K+1T- 


< 0.16 


< 0.16 


< 2.4 






< 0.16 


288 


K-+TT+K- 


< 11.8 


< 11.8 








< 11.8 


289 


k*+k''° 


1.2 ±0.5 


1.2 ±0.5 ±0.1 




<71 




1.2 ±0.5 


290 


K-+K+TT- 


< 6.1 


< 6.1 








< 6.1 


291 


K+K-K+ 


33.7 ±2.2 


33.5 ±0.9 ±1.6 


30.6 ±1.2 ±2.3 






32.5 ± 1.5 


292 


4>K+ 


8.3 ±0.7 


8.4 ±0.7 ±0.7 


9.60±0.92ljg4 


5.5ii;g ±0.6 


7.6 ± 1.3 ±0.6 


8.30 ±0.65 


294 


02(1320)^:+ t 


< 1.1 




< 1.1 






< 1.1 


297 


(^>(1680)i^+t 


< 0.8 




< 0.8 






< 0.8 


300 


K*+K+K- 


36 ±5 


36.2 ±3.3 ±3.6 








36.2 ±4.9 


301 


4,K*+ 


10.0 ±2.0 


11.2± 1.0±0.9 


(, 7+2.1+0.7 
' -1.9-1.0 


-1-U.0_4.9_1, 6 




10.0 ± 1.1 


303 


(^.Ki(1270) + 


6.1 ± 1.9 


6.1 ± 1.6 ± 1.1 








6.1 ± 1.9 


304 


(^.Ki(1400) + 


< 3.2 


< 3.2 








< 3.2 


305 


<^X*(1410)+ 


< 4.3 


< 4.3 








< 4.3 


306 


<?ift:*(1430)+ 


7.0 ± 1.6 


7.0 ± 1.3 ±0.9 








7.0 ± 1.6 


307 


<^XJ(1430)+ 


8.4 ± 2.1 


8.4 ±1.8 ±1.0 








8.4 ± 2.1 


308 


0^2(1770) + 


< 15 


< 15 








< 15 


309 


0X2(1820) + 


< 16 


< 16 








< 16 




a+K*o 


New 


< 3.6 








< 3.6 


310 


HK+ § 


4 9+2-'' 


5.6 ±0.5 ±0.3 


3.2l°:5 ±0.3 






4.6 ±0.4 


311 




< 25 


< 25 








< 25 


312 


K+utj) 


< 1.9 




< 1.9 






< 1.9 


313 


K+X{1812) t 


< 0.32 




< 0.32 






< 0.32 



fProduct BF - daughter BF taken to be 100%; %Mh < 2.85 GeV/c^ 
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Table 131: Branching Fractions (BF) of charmless mesonic decays without kaons (in units 
of 10"^). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
results since PDG2010 [as of March 12, 2012]. 





IV[od6 






Belle 


CLEO 




330 




5.7 lb 0.5 


5.02 lb 0.46 lb 0.29 


5.86 ± 0.26 ± 0.38 


, ^+1.8+0.6 

4.6+i»l^? 


r ^0 + 0.35 

5-48Io.34 


OO-L 




1 c; 9 _|_ 1 c: 








15 2 lb 1 4 


332 




8.3 ± 1.2 


8.1±0.7tJ-^ 


8.0j;2;o ±0.7 


10.4t^;^ ±2.1 




333 


/o(980)7r+ t 


< 1,5 


< 1.5 






< 1.5 


334 


/2 (1270)71+ 


-1 c:7+0.69 
-0.49 


1.57 ±OA2toll 






1 C7+0.69 
J^-'Ji -0.49 


335 


p(1450)'^7r+ t 


1 4+0-6 
^■^-0.9 


1.4±0.4«-j 








336 


/o(1370)7r+ t 


< 4.0 


< 4.0 






< 4.0 


338 


7r+7r-7r+{Ari?) 


5.3ll;5 


5.3±0.7lJ| 


13.2±2.3tig 




5.311:? 


340 




10.9 ±1.4 


10.2 ±1.4 ±0.9 


< 43 


10.9+11 


342 




24.0 ±1.9 


23.7 ± 1.4 ±1.4 


31.7± 7.ltg 7 




24.01^;^ 


343 


/o(980)p+ t 


< 2.0 


< 2.0 




< 2.0 


344 


a°TT+ 


26 ±7 


26.4 ±5.4 ±4.1 






26.4 ±6.8 


345 


20 ±6 


20.4 ±4.7 ±3.4 






20.4 ±5.8 


346 




6.9 ±0.5 


6.7 ±0.5 ±0.4 


6.9 ±0.6 ±0.5 


ii.3l2;| ± 1-4 


6.9 ±0.5 


347 




15.9 ±2.1 


15.9 ±1.6 ±1.4 




< 61 


15.9 ±2.1 


348 




4.07 ±0.32 


4.00 ±0.40 ±0.24 


4.07 ±0.26 ±0.21 


1 9+2.8 


4.02 ±0.27 


349 


r)p+ 


7.0 ±2.9 


9.9 ± 1.2 ±0.8 


4.lt^ * ±0.4 




6.9 ± 1.0 


350 




2.7 ±0.9 


3.5 ±0.6 ±0.2 


1.81°;^ ±0.1 




r, 7 + 0.5 

^- '-0.4 


351 


r,'p+ 


8.711:? 


9.7ll-'i5±l.l 


< 5.8 


-'--'-•^-7.0 


9.8l|i 


352 


07r+ 


< 0.24 


< 0.24 




< 5 


< 0.24 


353 


0P+ 


< 3.0 


< 3.0 




< 16 


< 3.0 


354 


ao(980)°7r+ f 


< 5.8 


< 5.8 






< 5.8 


355 


aoCgSoj+Tr" t 


< 1.4 


< 1.4 






< 1.4 


359 


t 


6.7 ±2.0 


6.7± 1.7± 1.0 






6.7 ±2.0 


360 




< 3.3 


< 3.3 






< 3.3 


362 


b+pOf 


< 5.2 


< 5.2 






< 5.2 


364 


f>?P+ t 


< 3.3 


< 3.3 






< 3.3 



fProduct BF - daughter BF taken to be 100%; 
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Table 132: Branching fractions of charmless mesonic decays with kaons (in units of 10 ^). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) results since 
PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


CLEO 


CDF New avg. 


210 


K+w- 


19.4 ±0.6 


19.1 ±0.6 ±0.6 


20.0 ±0.34 ±0.63 


1 o r, + 2.i+L:2 
18-0_2,i_o.9 


19.55t-- 


211 




9.5 ±0.8 


10.1 ±0.6 ±0.4 


9.66 ± 0.46 ± 0.49 


ir, O + 4.0+1.7 
^^•°-3.3-1.4 




212 




66 ±4 


68.5 ±2.2 ±3.1 


58.9^3.5 ±4.3 


89+ig ±9 


66.1 ±3.1 


213 




3.8 ±1.1 ±0.5 


3.1+o«±0.3 

— U.o 


< 2.6 


7.8+" 

— O. ( 


3.1 ±0.9 






New 


6.3 ± 1.3 ± 0.9 




6.3 ± 1.6 





V-ftTI (1430)0 


New 


13.7l5;g ± 1-2 






13.7+1^ 


214 




l-15lo38 ± 0.09 


1.15tp |g ±0.09 


1.27j;0'29 ± 0.08 


0.0+3-?, 

— 0.0 


1.23+0'?! 

—0.24 


215 




15.9 ± 1.0 


1 K K -1- 1 1 -1- n 8 

J-U.!j _1_ J_ . J. _1_ tJ.O 


1 K 2 + 1 2 + 1 


1 3 + 1 f; 


15.9 ± 1.0 


216 




Q ^ 1 Q 


y.u m zii ±.o 




n -1- 1 Q 
y.u m J- .y 


217 


riK* {^ A'^C\\^ 


9.6 ±2.1 


q -1- 1 e + 1 1 


A /i+0'8 _|_ n A 

'±.'4: Q 'J ^ U.^ 


I0.0l4;2 i 1-4 


9.6 ±2.1 


218 




^ n + n 

O.U Zll u.u 


^4-t-ns + n'^ 


^ n -t- n 
u.u m u.u 






< / .o 


< ( .O 


^ 7 C 
< i.O 


220 


blK" t 


< 7.8 


< 7.8 






< 7.8 


221 


ao(980)-A'+ t 


< 1.9 


< 1.9 






< 1.9 


222 


b-K+ t 


7.4 ± 1.4 


7.4 ± 1.0 ± 1.0 






7.4 ±1.4 


223 


bOR'" t 


< 8.0 


< 8.0 






< 8.0 


224 


b^K*^ t 


< 5.0 


< 5.0 






< 5.0 


225 


ao(1450)-ii:+ t 


< 3.1 


< 3.1 


1.8±0.7lo;2 




< 3.1 


227 




2.0 ±0.5 


2.2 ±0.6 ±0.2 


< 23 


2.0 ±0.5 


229 


w/r* (1430)0 


16.0 ±3.4 


16.0 ± 1.6 ±3.0 




16.0 ±3.4 


230 


1430)0 


10.1 ± 2.3 


10.1 ± 2.0 ± 1.1 






10.1 ±2.3 


231 


ujK+tt- (NR)^ 


5.1 ± 1.0 




5.1 ±0.7 ±0.7 




5.1 ± 1.0 


232 




35.9+^-| 


38.5 ± 1.0 ±3.9 


36.6+4 3 ±3.0 


< 40 


37.8 ±3.2 


233 


p-K+ 


8.4l^;| 


6.6 ±0.5 ±0.8 


ic 1+3.4+2.4 
J^^-J^-3.3-2.6 


letg ±3 


7.2 ±0.9 


234 


p{U50)-K+ 


< 2.1 


2.4 ± 1.0 ±0.6 






2.4 ± 1.2 


235 


p{noo)-K+ 


< 1.1 


0.6 ±0.6 ±0.4 






0.6 ±0.7 


236 


K + TT-1T°{NR) 


4.4 ± 1.0 


2.8 ±0.5 ±0.4 


< 9.4 




2.8 ±0.6 


239 


i<'2*(1430)07rO 


< 4.0 


< 4.0 






< 4.0 


240 


ii'*(1680)07rO 


< 7.5 


< 7.5 




50j:^o ± 7 


< 7.5 


242 




49.6 ± 2.0 


50.2 ± 1.5 ± 1.8 


47.5 ±2.4 ±3.7 


49.6 ±2.0 


243 


K°7T+7T-{NR) 


14 7+4-0 

-2.6 


ll.llilo ±0.9 


19.9±2.5l2;o 


14.7 ±2.0 


244 




4.7 ± 0.6 


4.4 ±0.7 ±0.3 


6.1±1.0ti;^ 


< 39 


4.7 ±0.7 


245 




9 4+1-^ 

='■^-1.2 


8.3l[j:| ±0.8 


8.4±l.llJ:0 


16t^ ± 2 


8.6 ±0.9 


246 




33 ± 7 


29.9li;7±3.6 


49.7±3.8t^;^ 




nn r;+3.9 
OO. J_3g 


248 


ii'*(1410)+7r- t 


< 86 




< 86 




< 86 


249 


/o(980)ii-o ^ 


7.0 ±0.9 


6.9 ±0.8 ±0.6 


7.6±1.7l?:S 




7.0 ±0.9 


250 


/2(1270)0x0 


2.7tJ;^ ± 0.9 


2.7tJ:g ±0-9 


< 2.5t 




9 7+1.3 
^•'-1.2 



fProduct BF - daughter BF taken to be 100%, ^Relative BF converted to absolute BF ^0.755 < 
M{Ktt) < 1.250 GeV/c^. ^Excludes M{KsKs) regions [3.400,3.429] and [3.540,3.585] and 
M{KsKl) < 1.049 GeV/c^ ^Includes K-n S-wave contribution and uncorrected for /r*(1430) 
branching fraction 
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Table 133: Branching fractions of charmless mesonic -B" decays with kaons - Part 2 (in units 
of 10~^). Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) 
results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAH 


Belle 


CLEO 


CDF 


New avg. 


252 


K''\« 


3.6 ± 0.7 ± 0.4 


3.3 ± 0.5 ± 0.4 


0.4+; ? ± 0.1 

— 1.7 


„ (, + 1.3 + 0.5 
■ — . — () . 




2.5 ± 0.6 


253 




< 6.3 


< 16.2 


< 6.3 






< 6.3 


254 


K'{1680) + Tr- 


< 10 


< 25 


< 10.1 






< 10.1 


256 


p°K+7T- 


2.8 ± 0.5 ± 0.5 




2.8 ± 0.5 ± 0.5 2 






2.8 ± 0.7 


257 


/o(980)K+7r- 


14+0 4+0-3 




-. . 1 „ . -1-0 'i 9 

1.4 ± 0.43^^-^ ^ 








258 


1^4- — 4- — 
K ^ TT TT^ TT 


< 2.1 




< 2.1 






< 2.1 


259 




54 ± 5 


54.5 ± 2.9 ± 4.3 


, _ -1- 1 1-1-0 9 1 
^■^-1.0-1.6 
„ -1 -|-0.8-h0.9 
'^■-^-0.7-0.5 






54.5 ± 5.2 


260 


K">pO 


3 4+'^ '' 


5.1±0.6l0« 


< 34 




3.9 ± 0.8 


261 


fo(980)K'" t 


< 2.2 


5.7 ± 0.6 ± 0.3 


< 2.2 






5.7 ± 0.7 


- 


/o(980)K^{1430)" t 


New 


8.6 ± 1.7 ± 1.0 








8.6 ± 2.0 


262 


-K'l(1270)+7r~ 


< 30 


1 7~" 








1 ™ + 8 
17 

^' -11 


263 


-fs:i(1400)+7r~ 


< 27 


^ ' -9 








'-' -9 


264 


a~K + 


16 ± 4 


16.3 ± 2.9 ± 2.3 








16.3 ± 3.7 


265 


K' + p- 


< 12 


10.3 ± 2.3 ± 1.3 








10.3 ± 2.6 


267 


K+K- 


< 0.41 


0.04 ± 0.15 ± 0.08 


O.OqI^- zt 0.01 


< 0.8 


0.23 ± 0.10 ± O.lOt 




268 


K°K° 


96+0-20 


1.08 ih 0.28 ±0.11 


1.26"*'"j'^g zh 0.06 


< 3.3 




1.21 zh 0.16 


269 




< 18 


fi 1-1-1 n -1- n 


< 18 


< 21 




6.4 zh 1.2 


270 


K K 


< 1.9 


< 1.9 








< 1.9 


271 


K TT^ 


< 19 






< 19 




< 19 


272 




< 0.9 


< 0.9 








< 0.9 


273 


KgKgr}' 


< 1.0 


< 1.0 








< 1.0 


274 


< 2.0 


< 2.0 








< 2.0 


275 


K'^ K~ 


24.7 ± 2.3 


23.8 zh 2.0 zh 1.6 


28.3 zh 3.3 zh 4.0 






24.7 zh 2.3 


276 






8.4"^^ 2 i 0.5 


Q n"'"^ ' ^ -1- n 7 
18 


A"^^ '"^ -\- n 7 

2 7 




o + 1.2 

^■■^-1.0 


277 


KsKqKs 




6.19 ± 0.48 ± 0.19 


4.2+;-3 ± 0.8 






6.04 zh 0.50 




/„(1710)Ks t 


New 


"■Solo.ji ± 0.11 t 








-l-D 47 




JO l^u±uj Q 1 




n -1- n + 








\j . o'rt zn ij.tju 


278 


KsKsKi^ 


< 16 


< 16^ 








< 16= 


279 




27.5 ± 2.6 


27.5 ± 1.3 ± 2.2 








27.5 ± 2.6 


280 




9.8 ± 0.6 


9.7 ± 0.5 ± 0.6 


10 0+10 + 0. 7 
-"-'■"-1.5-0.8 


11 5 + *-5+l-S 
11.0_3 




9.8 ± 0.7 


281 


K'°n+K- 


4.6 ± 1.4 


4.6 ± 1.1 ± 0.8 


< 13.9 ^ 






4.6 ± 1.4 


282 


K'«Ti'-° 


1.28tS j^ ±0.11 


1.28l0 fjp ± 0.11 


„ oc + 0.33 + 0.10 
"■^°-0.29-0.08 


< 22 




0.81 ± 0.23 




(1430)0 (1430)0 
K5(1430)0k*° 


New 
New 




< 8.4 

< 3.3 






< 8.4 

< 3.3 




K^(1430)''ir+K- 


New 




< 31.8 ^ 






< 31.8 ^ 




K+1T- Tr+ K- 


New 




< 72 2 






< 72 ^ 


283 


K'°K+^- 


< 2.2 


< 2.2 


< 7.6 ^ 






< 2.2 


284 


K'°K'° 


< 0.41 


< 0.41 


< 0.2 


< 37 




< 0.2 




(1430)0 (1430)0 
K^(1430)°K'° 


New 




< 4.7 






< 4.7 




New 




< 1.7 






< 1.7 






New 




< 6.0 ^ 






< 6.0 


285 


K'+K'- 


< 2.0 


< 2.0 




< 141 




< 2.0 


289 


0k;; (1430)0 


3.9 ± 0.5 ± 0.6 


3.9 ± 0.5 ± 0.6 








3.9 ± 0.8 


290 


(1680)0 


< 3.5 


< 3.5 








< 3.5 


291 


(1780)0 


< 2.7 


< 2.7 








< 2.7 


292 


<;>/f* (2045)0 


< 15.3 


< 15.3 








< 15.3 


294 


</./f^ (1430)0 


7.5 ± 1.0 


7.5 ± 0.9 ± 0.5 








7.5 ± 1.0 


295 


<t><t>K<' § 


4.it;;I±o.4 


4.5 ± 0.8 ± 0.3 


2.3^0 ± 0.2 






3.6 ± 0.7 


296 


r]'r]'K° 


< 31 


< 31 








< 31 



fProduct BF - daughter BP taken to be 100%, §M<^<^ < 2.85 GeV/c^ |0.55 < M(7r7r) < 1.42 
GeV/c2 and 0.75 < M{Kn) < 1.20 GeV/c^; i0.55 < M{nn) < 1.42 GeV/c^; ^0.75 < M{Kn) < 
1.20 GeV/c^ 
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Table 134: Branching fractions of charmless mesonic decays without kaons (in units of 10 ^). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) results since 
PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


CLEO 


CDF 


New avg. 


315 




5.13 ± 0.24 


5.5 ± 0.4 ± 0.3 


5.04 ± 0.21 ± 0.19 


^■^-1.2-0.4 


5.02 ± 0.33 ± 0.35} 


5.11 ± 0.22 


316 



TV TT 


1.62 ± 0.31 


1.83 ± 0.21 ± 0.13 


-1-0.4+0.2 
^•^-0.5-0.3 


< 4.4 




, 4-0 22 
^■^-^-0.23 


317 




< 1.5 


< 1.5 


< 2.5 


< 2.9 




< 1.5 


318 


VV 


< 1.0 


< 1.0 


< 2.0 


< 18 




< 1.0 


319 




1.2 ± 0.6 


0.9 ± 0.4 ± 0.1 


2.8 ± 1.0 ± 0.3 






1.2 ± 0.4 


320 


v'v' 


< 1.7 


< 1.7 


< 6.5 


< 47 




< 1.7 


321 


v'v 


< 1.2 


< 1.2 


< 4.5 


< 27 




< 1.2 


322 


/ 
VP 


< 1.3 


< 2.8 


< 1.3 


< 12 




< 1.3 


323 


J0(980Jr7 t 


< 1.5 


< 0.9 








< 0.9 




VP 


< 1.5 


<, 1.0 


< 1.9 


^ 1 n 




< 1.5 


325 


/o(980)>7 t 


< 0.4 


< 0.4 








< 0.4 


326 




0.94"''q"|q ± 0.09 


< 1.4 




< 12 




< 1.4 


327 






< 1 8 


< 2 2 


<C 60 




< 1 8 


328 




< 1.6 


< 1.6 




< 11 




< 1.6 


329 


/o{980)i^ t 


< 1.5 


< 1.5 








< 1.5 


330 


UJUJ 


< 4.0 


< 4.0 




< 19 




< 4.0 


331 




< 0.28 


< 0.28 




< 5 




< 0.28 


332 


cf>r] 

<t>v' 


< 0.5 


< 0.5 




< 9 




< 0.5 


333 


< 0.5 


< 1.1 


< 0.5 


< 31 




< 0.5 


334 


0p« 


< 0.33 


< 0.33 




< 13 




< 0.33 


335 


/o(980),^> t 


< 0.38 


< 0.38 








< 0.38 


336 


ijj(f) 


< 1.2 


< 1.2 




< 21 




< 1.2 


337 




< 0.2 


< 0.2 




< 12 




< 0.2 


338 


aJCgSOjir* t 
aT(1450)7r± f 


< 3.1 


< 3.1 








< 3.1 


339 


< 2.3 


< 2.3 




l-Stl l ± 0.8 




< 2.3 


341 


pV 


2.0 ± 0.5 


1.4 ± 0.6 ± 0.3 


3.0 ± 0.5 ± 0.7 




2.0 ± 0.5 


342 


pT^± 


23.0 ± 2.3 


22.6 ± 1.8 ± 2.2 


22.6 ± 1.1 ± 4.4 


TIA^W ± 4.2 




23.0 ± 2.3 


343 


7r"^ 7r ~ TT*^ 7r~ 


< 19.3 


< 23.1 


< 19.3 






< 19.3 


344 


p^TT + TT" (ATfl) 


< 8.8 


< 8.8 


< 12 






< 8.8 


345 




0.73 ± 0.28 


0.92 ± 0.32 ± 0.14 


0.4 ± OAtll 


< 18 




'•^-0.28 


346 


/o(980)7r+7r"(JVil) 


< 3.8 




< 3.8 






< 3.8 


347 


/o(980)p° t 


< 0.3 


< 0.40 


< 0.3 






< 0.3 


348 


/o (980) /o (980) t 


< 0.1 


< 0.19 


< 0.1 






< 0.1 


350 




33 ± 5 


33.2 ± 3.8 ± 3.0 








33.2 ± 4.8 


353 


p+p^ 


24.2 ± 3.1 


25.5 ± 2.1+^-^ 


22.8 ± 3.8^2,6 






24.2t;^l 


355 




< 0.5 


< 0.5 


< 2.0 


< 5.6 




< 0.5 


357 


a±pT 


< 61 


< 61 








< 61 


359 


t 


10.9 ± 1.5 


10.9 ± 1.2 ± 0.9 








10.9 ± 1.5 


360 


i,0,rO t 
6f P=f t 


< 1.9 


< 1.9 








< 1.9 


361 


< 1.4 


< 1.4 








< 1.4 


362 


b°P° t 


< 3.4 


< 3.4 








< 3.4 


364 


± T 


47.3 ± 10.5 ± 6.3 


47.3 ± 10.5 ± 6.3 








47.3 ± 12.2 



fProduct BF - daughter BF taken to be 100%, ^Relative BF converted to absolute BF 
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Table 135: Relative branching fractions of K^K , K^tt , ti^ti . Values in red (blue) 

are new published (preliminary) result since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. CDF D0 


New avg. 


267 
315 


B{B^ K+K-)/B{B° K+TV-) 
B{B^' Tr+Tr-)/BiB° K+tv-) 


0.020 ±0.008 ±0.006 
0.259 ±0.017 ±0.016 


0.020 ±0.010 
0.259 ±0.023 
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7.2 Radiative and leptonic decays 



Table 136: Branching fractions of semileptonic and radiative decays (in units of 10 ^). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) results since 
PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR Belle 


CLEO 


CDF 


New Avg. 


314 


K ' 7 


42. 1 i 1.8 


42.2 ±1.4 ± 1.6 42.5 ±3.1 ± 2.4 37.6to;3 ± 2.8 




42. 1 ± 1.8 


315 


if +(1270)7 


43 ± 13 


43 ± 9 ± 9 






43 ± 12 


316 


K"^ 777 


7.9 ± 0.9 


7.7 ±1.0 ±0.4 8.4t};2±0.9 






7.9 ± 0.9 


317 


-^"^ v' 'y 


< 4.2 


1.9^5; 2 =■= 3.6 ±1.2 ±0.4 








318 


K'^ (f)'y 


3.5 ± 0.6 


3.5 ±0.6 ±0.4 2.48 ± 0.30 ± 0.24 






2.71 ± 0.34 


319 


K'''' TT ~ tt"*" -y 


27.6 ± 2.2 


29.5 ± 1.3 ± 2.0 t 25.0 ± 1.8 ± 2.2 t 






27.6 ± 1.8 


320 




20_g 


20lg ± 2 






•5n+7 
20_g 


321 


K+p% § 


< 20 


< 20 






< 20 


322 K+ 


7r~7r+7 (N.R.) § 


< 9.2 


< 9.2 






< 9.2 


323 


Q + Q 


46 ± 5 


4^6±49±'^1 i 






45.6 ± 5.2 


324 


-lA. -j^ \ ±'±\JU)^ 


< 15 


< 15 






< 15 


325 


if|{1430) + 7 


14 ± 4 


14.o±4.0±l.D 






14.5 ± 4.3 


327 


ifj (1780) + 7 


< 39 


< 39 






< 39 


329 


p 7 


0.98 ± 0.25 


1 on+0.42 1 A „^ ^,^ + 0.29 + 0.09 
l-20Io.37 ±0-20 "-8^-0 2710 11 


< 13 




u.:jo_Q 24 


379 


pA-y 










, - = +0.49 
2-45_0.44 


383 




< 4.6 


< 4.6 






< 4.6 


412 


n+i+e~ 


< 0.049 


< 0.12 < 0.049 






< 0.049 


413 


tt"*" e"*" e~ 


< 0.080 


< 0.18 < 0.080 






< 0.080 


414 




< 0.069 


< 0.28 < 0.069 






< 0.069 


415 




< 100 


< 100 < 170 






< 100 


416 


K+e+e- 


0.51 ± 0.05 


0.48 ± 0.09 ± 0.02 0.53+° °l ± 0.03 






0.51 ± 0.05 


417 


A'+e+e" 


0.55 ± 0.07 


0.51+S-l? ± 0.02 0.57+n'!!? ± 0.03 

— 0.11 " " " ^. — Q_08 


< 2.4 




0.55 ± 0.07 


418 




0.52 ± 0.07 


n 41 + 09 '^'^ + ns"'"'^ '^^ 


< 3.68 


0.46 ± 0.04 ± 0.02 


0.47 ± 0.04 


419 




< 14 


< 13 < 14 


< 240 




< 13 


420 




< 150 


< 150 






< 150 


421 




1.29 ± 0.21 


1.40j^Q'3^ ± 0.09 1.24^^ 2^ lb 0.13 






-^■^^-0.21 


422 


/V ' e ' e 


, t-e.+0.40 

1.00_Q 3-^ 


_i_n 47 , -i_n '^lO 1 
l-38Io;2 ± 0-08 l-73lj; ± 0.20 






, c-c + 0.35 
'-■"^-0.32 


423 




^■^°-0.27 


1.46j:S;75 ± 0.12 l.llto27 ± "'10 




0.95 ± 0.32 ± 0.08 


Ln 22 

J--"' -0.20 


424 




< 80 


< 80 < 140 






< 80 


427 


7r+ e-'- /i''" 


< 0.17 


< 0.17 






< 0.17 


428 


X+e+/j- 


< 0.091 


< 0.091 






< 0.091 


429 




< 0.13 


< 0.13 






< 0.13 


431 




< 77 


< 77 






< 77 


434 


if * + e±/j=F 


< 1.4 


< 1.4 






< 1.4 


435 


7r ~ e"*" e"*" 


< 1.6 




< 1.6 




< 1.6 


436 


7r~ /^ + ^''" 


< 1.4 




< 1.4 




< 1.4 


437 


TT e + z^"*" 


< 1.3 




< 1.3 




< 1.3 


438 


p~ e+ e+ 


< 2.6 




< 2.6 




< 2.6 


439 


P^M+M+ 


< 5.0 




< 5.0 




< 5.0 


443 


e+ p + 


< 3.3 




< 3.3 




< 3.3 


441 


A'" e+e+ 


< 1.0 




< 1.0 




< 1.0 


442 


if + 


< 1.8 




< 1.8 




< 1.8 


443 


K"<:+fi + 


< 2.0 




< 2.0 




< 2.0 


444 


if*"e+e + 


< 2.8 




< 2.8 




< 2.8 


445 


if + 


< 8.3 




< 8.3 




< 8.3 


446 


if*-e+/i+ 


< 4.4 




< 4.4 




< 4.4 




< 1.8 GeV/c2; t 1.0 < iVW < 2.0 GeV/c^; § M^^^ 


< 2.4 GeV/c^ 
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Table 137: Branching fractions of semileptonic and radiative 5° decays (in units of 10 ^). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) results since 
PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


GLEO 


CDF 


New Avg. 


297 




7.6 ± 1.8 


7 l + ?"i ±04 
— 2.0 


„ 7+3.1 + 1.9 
°- —2.7-1.6 








298 


1^0 1 
J\ rj "f 


< 6.6 


< 6.6 


< G.4 






< 6.4 


299 




< 2.7 


< 2.7 


2.74 ± 0.60 ± 0.32 






2.74 ± 0.68 


300 


K'^ TT^ § 


4.6 ± 1.4 




4 g+1.3+0.6 
^■"-1.2-0.7 


45.5tg g ± 3.4 




4.6 ± 1.4 


301 


K*% 


43.3 ± 1.5 


44.7 ± 1.0 ± 1.6 


40.1 ± 2.1 ± 1.7 




43.3 ± 1.5 


302 


if*(1410)''7 


< 130 




< 130 






< 130 


303 K 


+ 7r"7 (N.R.) § 


< 2.6 




< 2.6 






< 2.6 


304 




19.5 ± 2.2 


18.5 ± 2.1 ± 1.2 t 


24 ± 4 ± 3 t 






19.5 ± 2.2 


305 




41 ± 4 


40.7 ± 2.2 ± 3.1 t 








40.7 ± 3.8 


306 


k9 (1270)7 
if? (1400)7 


< 58 




< 58 






< 58 


307 


< 15 




< 15 






< 15 


308 


if 1(1430)" 7 


12.4 ± 2.4 


12.2 ± 2.5 ± 1.0 


13 ± 5 ± 1 






12.4 ± 2.4 


310 


-fi:J(1780)''7 


< 83 




< 83 






< 83 


312 


pOj 


0.86 ± 0.15 


0.97j:o22 ± 0.06 


n 7K + 0.17 + 0.09 
^- "'-0. 16-0. 10 


< 17 




0.86t«:li 


313 


UJ^ 




O.SOto 23 ± 0.09 


0.40j:o ^7 ± 0.13 


< 9.2 




0.44t«o:1^6 


314 


07 


< 0.85 


< 0.85 




< 3.3 




< 0.85 


418 




< 0.12 


< 0.12 


< 0.154 






< 0.12 


419 




< 0.14 


< 0.14 


< 0.227 






< 0.14 


420 


+ — 
7r [i [i 


< 1.8 


< 0.51 


< 0.184 






< 0.184 


421 


TT^ 1/77 


< 220 




< 220 






< 220 


422 






0.21^0 ^3 ± 0.02 


0.34^0 08 ± 0.02 






"■•^^-0.07 


423 


K"e+e- 




0-08to.l2 ± 0.01 


0.20l[J-5;o ± 0.01 


< 8.45 






424 




45+°-l^ 


0-49tg:25 ± 0-03 


0-44to io ± 0.03 


< 6.64 


0.32 ± 0.10 ± 0.02 


0.38 ± 0.07 


425 




< 160 


< 56 


< 160 






< 56 


426 




< 440 




< 440 






< 440 


427 




99+"-^^ 


1.03^02? ± 0.07 


0.97t51'5;? ± 0.07 






99+''13 


428 




1 os,*"'^^ 

J--UJ_o.i7 


0.86+° 24 ± 0.05 


1-18-0.22 ±0-09 






1 03+''l^ 


429 




J--"0_0.13 


1.35t!;;:^?±0.10 


1-O6io l4 ± 0.07 




1.02 ± 0.10 ± 0.06 


1 05+°!'^ 


430 




< 120 


< 120 


< 340 






< 120 


431 




< 58 




< 58 






< 58 


433 




< 0.14 


< 0.14 








< 0.14 


434 




< 0.27 


< 0.27 








< 0.27 


437 




< 5.8 


< 0.58 








< 0.58 



]Mk^^ < 1.8 GeV/c^; f 1.0 < MKnn < 2.0 GeV/c^; § 1.25 GeV/c^ < Mk^ < 1-6 GeV/c^ 
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Table 138: Branching fractions of semileptonic and radiative B decays (in units of 10 ^). 
Upper limits are at 90% CL. Values in red (blue) are new published (preliminary) results since 
PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BaBar 


Belle 


CLEO 


New Avg. 


66 








8.5^1,1 ±0.9 






68 


i^2* (1430)7 


1 7+0.6 
' -0.5 






1.7 ±0.6 ±0.1 


1.7 ± 0.6 


70 


i^3* (1780)7 


< 37 


327 ± 18^41 


< 2.8 


321 ± 43^29 


< 2.8 


77 


S7 


360 ± 23 


345 ± 15 ± 40 


355 ± 24 ± 9 


78 


dj 


12 ±6 


9.2 ±2.0 ±2.3 




9.2 ±3.0 


82 


fry 


1.39 ±0.25 


1.73l° j* ± 0.17 




< 14 


1 QQ+0.22 


83 




1.39 ±0.23 


l-63lo.2s ± 0-16 


1.14±0.20l° 


< 14 




113 


se+e~ 1 


4.7 ± 1.3 


6.0±1.7±1.3 


4.56±1.15l°:|g 


< 57 


4 91+104 


114 




4.3 ± 1.2 


5.0 ± 2.8 ± 1.2 


1.91 ± l-02t° ll 


< 58 


r, 90+0.97 

^•^•""-o-gs 


115 


si+l- X 


4.5 ± 1.0 


5.6 ±1.5 ±1.3 


3.33 ± 0.80lo:24 


< 42 


fiK+0.76 
J.DD_Q 77 


116 


■kI+1- 


< 0.062 


< 0.091 


< 0.062 




< 0.062 


117 


Ke+e- 


0.44 ± 0.06 


o.39lE5;!5^ ± 0.02 


o.48t|5;[5? ± 0.03 




0.44 ± 0.06 


118 


K*e+e- 


1.19 ±0.20 


0.99lo;2i ± 0.06 


1.39lo 2o ±0.12 




1 lQ+O-17 
1-1^-0.16 


119 


Kfi+ij,- 


0.48 ±0.06 


0.4llJ^ i^ ± 0.02 


0.50 ±0.06 ±0.03 




0.48 ± 0.06 


120 


K*ti+fi- 


1.15 ±0.15 


1.35l° j5 ± 0.10 


l.ioljj ±0.08 




1 -,,+0.16 
1-13-0.15 


121 


Ke+£- 


0.45 ± 0.04 


0.39 ±0.07 ±0.02 


0.481°;m ± 0-03 


< 1.7 


0.45 ± 0.04 


122 


K*e+e- 


1.08 ±0.11 


l.lllg l^ ±0.07 


1.07to io ±0.09 


< 3.3 


l.08«;l? 




KuV 


New 


< 14 






< 14 


123 


K*uu 


< 80 


< 80 






< 80 


125 




< 0.092 


< 0.092 




< 1.6 


< 0.092 


126 




< 3.2 






< 3.2 


< 3.2 


127 




< 0.038 


< 0.038 




< 1.6 


< 0.038 


128 




< 0.51 


< 0.51 




< 6.2 


< 0.51 




S7 with baryons 


New 






< 38 t 


< 38 t 



t^^ > 2.0 GeV; tM(£+r) > 0.2 GeV/c^ 
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Table 139: Isospin symmetry for various B decays. Values in red (blue) are new published 
(preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# Parameter PDG2010 Avg. BaBAR Belle New Avg. 



65 Ao-(i^*7) 0.066 ±0.030 0.066 ± 0.021 ± 0.022 0.012 ± 0.044 ± 0.026 0.052 ±0.026 

77 Ao- lXs-f) -0.01 ±0.06 -0.01 ± 0.06 -0.01 ± 0.06 

82 Afry -0.46 ±0.17 -0.43^!^-22 ± 0.10 -O'-iStoiltoQl -OA6toll 

121 Ao_{KU)'f -0.40t!]:34 -1.43tJ]j6±0.05 -0.3ltE5;}l ± 0.08 -OAOt^^ ll 

122 Ao-(X*a)t -0.44 ±0.13 -0.56lEJi5 ± 0.03 -0.29 ± 0.16 ± 0.09 -O.UtaH 
Ao_(i^(*)«)t -0.45 ±0.17 -0.64tg'j^± 0.03 -0.301E;-J2 ± 0.08 -0.45 ±0.10 



t m« < mj/^ 

Table 140: Partial branching fractions for various B decays. Values in red (blue) are new 
published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 



9^ [(GeV/c^)^] t PDG2010 Avg. 



CDF t 



LHCb t 



New Avg. 



121 



K*l+l- 

K't+e- 

K'l+l- 
K'l+l- 



< 2.0 
[2.0, 4.3] 
|4.3, 8.68] 

[10.09, 12.86] 
[14.18, 16.00] 

> 16.00 

< 2.0 
[2.0, 4.3] 
[4.3, 8.68] 

[10.09, 12.86] 
[14.18, 16.00] 

> 16.00 



fO.18 
-0.16 - 

0.46l° j2 ± 0.03 
r,+0.l9 . 
-0.18 

0.55tS l4 ± 0.03 
a+0.19 
-0.12 - 

0. 98+°- jg ± 0.06 
R+0.'40 

-0.35 - 
R + 0.31 

-0.27 - 
7+0.47 . 
'-0.42 - 
2.24tSl^±0.19 

1. QstS g ± 0-08 
,+0.27 . 

-0.24 - 



0.81Z 



1.00^ 



0.38^ 



1.46^ 
0.86j 
I.37I 



2.04^ 



: ± 0.05 



; ± 0.06 



, ± 0.02 



; ± 0.11 

. ± 0.07 
'. ± 0.39 



± 0.16 



0.33 ± 0.10 ± 0.02 
0.77 ± 0.14 ± 0.05 
1.05 ± 0.17 ± 0.07 
0.48 ± 0.10 ± 0.03 
0.52 ± 0.09 ± 0.03 
0.38 ± 0.09 ± 0.02 
1.73 ± 0.33 ± 0.10 
0.82 ± 0.26 ± 0.06 
1.72 ± 0.41 ± 0.14 
1.77 ± 0.34 ± 0.11 
1.21 ± 0.24 ± 0.07 
0.88 ± 0.22 ± 0.05 



0.56 ± 0.11 ± 0.03 
0.28 ± 0.08 ± 0.02 
0.55 ± 0.07 ± 0.03 
0.53 ± 0.09 ± 0.03 
0.59 ± 0.10 ± 0.03 
0.48 ± 0.08 ± 0.03 



0.46 ± 0.09 
0.61 ± 0.10 
1 03+"'-*' 

"■^"-0.08 

0.49 ± 0.08 
0.74 ± 0.10 
0.37 ± 0.08 
0.60 ± 0.07 
0.68 ± 0.09 
0.72 ± 0.09 
0.64 ± 0.08 



t see the original paper for the exact selection. \ muon mode only (£ = /i). 



7.3 B 

The decay b ^ s'-f proceeds through a process of flavor changing neutral current. Since the 
charged Higgs or SUSY particles may contribute in the penguin loop, the branching fraction 
is sensitive to physics beyond the Standard Model. Experimentally, the branching fraction is 
measured using either a semi-inclusive or an inclusive approach. A minimum photon energy 
requirement is applied in the analysis and the branching fraction is corrected based on the 
theoretical model for the photon energy spectrum (shape function). Where there are multiple 
experimental results from an experiment, we use only the ones that are independent for BABAR 
and Belle to avoid dealing with correlated errors. Furthermore, the model uncertainties from 
the shape function should be highly correlated but no proper action was made in our older 
averages. To perform the average with better precision and good accuracy, it is important to 
use as many experimental results as possible and to handle the shape function issue in a proper 
way. In this note, we report the updated average of — )■ 57 branching fraction by implementing 
a common shape function. 

Several shape function schemes are commonly used. Usually one is chosen to obtain the 
extrapolation factor, deflned as the ratio of the 6 — )■ 57 branching fractions with minimum 
photon energies above and at 1.6 GeV, and the difference between various schemes are treated 
as the model uncertainty. O. Buchmiiller and H. Flacher have calculated the extrapolation 
factors |445] . Table 11451 lists the extrapolation factors with various photon energy cuts for 
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Table 141: Forward-backward asymmetry for various B decays. Values in red (blue) are new 
published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


[{GeY/c^f] t 


PDG2010 Avg. 


Bollc 


CDF t 


LHCb { 


New Avg. 


121 




< 2.0 


0.06^035 ± 0.02 


0.06^0 Is ± 0.02 


0.13^0 43 ± 0.07 




o-o8tS:22 






[2.0, 4.3] 


— 0.43_Q^U ± 0.09 


— 0.43_g^(, ± 0.09 


U.OZ q ± U.OD 




n 1 o _!_ n 1/1 




Kt+i- 


[4.3, 8.68] 


-o.2oj:°;j^ ± 0.03 


-0.20^0,15 ± 0-03 


O.Oltolo ± 0.01 




-0 11+°°'' 




Kt+i- 


[10.09, 12.86] 




-0.21^015 ± 0.06 


-o.o3t°;ii ± ° 




-0.08_o og 






[14.18, 16.00] 




0.04+55-^^ ± 0.05 


-0.05^0 ?i ± 0.03 




-0 04+'' '"' 
"■^ -0.10 




Ke+e- 


> 16.00 




0-02+° ll ± 0.02 


O.OOto.ls ± 0.03 






122 


K*t+e- 


< 2.0 


0.47^0 32 ± 0.03 


0.47^0,32 ± 0.03 


-0.35to;23 ± 0-10 


-0.17^0,21 ± 0.06 


0.03 ± 0.14 




K*t+e- 


[2.0, 4.3] 


0.11+S:36±0-07 


o-iitS:36±o-o'^ 


0.29lS-i= ±0.15 


-0.04to;i5 ± 0.06 






K*i+e- 


[4.3, 8.68] 


0.4,5t_°'ll ± 0.15 


O.iS+o'll ± 0.15 


0.0i1q2o ± 0.09 


0.28to,!^g ± 0.02 


r, ,0 + 0.06 

"■'"'-0.07 




K*i+e- 


[10.09, 12.86] 




0.43^0 20 ± 0.03 


0.38l°-J^ ± 0.09 


0.27+°-\l ± 0.03 


„ „, + 0.09 
^■■J-J-O.IO 




K*t+e- 


[14.18, 16.00] 




0.70t«;i=2 ±0.10 


0.44^021 ± 0.10 


0.50 to TO ± 0.03 


51 + 06 
"■"-'-0.08 






> 16.00 






O-SSlo Is ± 0.16 


0.10+5J JI ± 0.06 


0.39 ± 0.10 



t see the original paper for the exact selection. | muon mode only {i = fi). 



Table 142: Fraction of the longitudinal polarization (Fl) for various B decays. Values in red 
(blue) are new published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# Mode [(GeV/c^)^] f PDG2010 Avg. Belle CDF } LHCb j New Avg. 



K*i+e- < 2.0 0.29lo;ig ± 0.02 0.29lo ± 0.02 0.30io;ig ± 0.02 0.0312 ^3 ± 0.06 0.22to;os 

K*e+i- [2.0,4.3] 0.71 ± 0.24 ± 0.05 0.71 ± 0.24 ± 0.05 0.37+55-24 ± 0.10 0.84^2' J3 ± 0.06 0.73 ±0.10 

K*e+i- [4.3,8.68] 0.64+0-^^ ± 0.07 0.64+0-^^ ± 0.07 0.68^0 ^7+ 0.09 0.60 ± 0.07 ± 0.01 0.61 + 0.06 

K*e+i- [10.09,12.86] 0.1712 ^5 ± 0.03 0.47+55 54 +0.03 0.44to;Ji ± 0.02 0.39 ±0.08 

K*e+i- [14.18,16.00] -0.15l55;23 ± 0-07 0.29l55'l3 + 0.05 0.33t5!;j8 ± 0.04 0.28l°;557 

K*e+l- > 16.00 0.12+55'i3 ± 0.02 0.20+55'!? ± 0.05 0.28155;to + 0.04 o.22t5!;55? 



t see the original paper for the exact selection. \ muon mode only [i = fi). 



three different schemes and the average. The appropriate approach to average the experimental 
results is to first convert them according to the average extrapolation factors and then perform 
the average, assuming that the errors of the extrapolation factors are 100% correlated. 

After surveying all available experimental results, the six shown in Table 11461 are selected 
for the average. They have provided in their papers either the 6 — )■ 37 branching fraction at a 
certain photon energy cut or the extrapolation factor used. Therefore we are able to convert 
them to the values at -Emin = 1-6 GeV using the information in Table U^bl In the inclusive and 
full hadronic tag analysis, a possible B — )■ Xd'y contamination has been considered according 
to the expectation (4.5 ± 0.3)%. Compared to the other systematic uncertainties, the error 
that arises from the B — )■ X^'j fraction is too small to be considered. We perform the average 
assuming that the systematic errors of the shape function and the ^7 fraction are correlated, 
and the other systematic errors and the statistical errors are Gaussian and uncorrelated. The 
obtained average is B{B ^,7) = (355 ± 24 ± 9) x 10"^ with a xVDOF= 0.85/5, where the 
errors are combined statistical and systematic, and systematic due to the shape function. The 
second error is estimated to be the difference of the average after simultaneously varying the 
central value of each experimental result by ±lcr. Although a small fraction of events was used 
in multiple analyses in the same experiment, we neglect their statistical correlations. Some 
other correlated systematic errors, such as photon detection and the background suppression, 
are not considered in our new average. 
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Table 143: Branching fractions of inclusive B decays (in units of 10 ^). Values in red (blue) 
are new published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABM 


Belle 


CLEO 


New Avg. 


80 
81 


K+X 
K^X 

TT+X 
ST] 

srj' 


New 
New 
New 
< 440 
420 ± 90 


< 187t 
195+^5 ± 50t 
372t^° ± 59t 

390 ± 80 ± 90t 


261 ± 30+74 § 


< 440 
460 ± 110 ± 60t 


< 187t 
195^6^^ 
3721^^ 
261+^^ 
423 ± 86 



t p* > 2.34 GeV; § 0.4 < Mx, < 2.6 GeV; f 2.0 < p* < 2.7 GeV 



Table 144: Branching fractions of leptonic B decays (in units of 10 ^). Upper limits are at 90% 
CL. Values in red (blue) are new published (preliminary) results since PDG2010 [as of March 
12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 




Belle 


CLEO 


CDF DO LHCb CMS 


New Avg. 


24 




< 1.9 


< 1.9 


< 1.0 


< 15 




< 1.0 


25 




< 1.0 


< 1.0 


< 1.7 


< 21 




< 1.0 


26 




180 ± 50 


176 ± 49 




< 840 




167 ± 30 


27 




< 15.6 


< 15.6 








< 15.6 


28 




< 17 


< 17 




< 200 




< 17 


29 




< 24 


< 26 




< 52 




< 26 


412 


77 


< 0.62 


< 0.32 


< 0.62 






< 0.32 


413 


e'^e~ 


< 0.083 


< 0.113 


< 0.19 


< 0.83 


< 0.083 


< 0.083 


414 


e+e~7 


< 0.12 


< 0.12 








< 0.12 


415 




< 0.015 


< 0.052 


< 0.16 


< 0.61 


< 0.0050 < 0.0026 < 0.0037 


< 0.0026 


416 




< 0.16 


< 0.16 








< 0.16 


417 




< 4100 


< 4100 








< 4100 


432 




< 0.064 


< 0.092 


< 0.17 


< 1.5 


< 0.064 


< 0.064 


438 


e±TT 


< 28 


< 28 




< 110 




< 28 


439 




< 22 


< 22 




< 38 




< 22 


440 


vV 


< 220 


< 220 


< 130 






< 130 


441 




< 47 


< 47 








< 47 



fThis result has been averaged with the earlier PRL 97, 251802 (2006). 



Table 145: Extrapolation factor in various scheme with various minimum photon energy re- 
quirement (in GeV). 



Scheme 


E., < 1.7 


E^ < 1.8 


E^ < 1.9 


E^ < 2.0 


E^ < 2.242 


Kinetic 
Neubert SF 
Kagan-Neubert 


0.986 ± 0.001 
0.982 ±0.002 
0.988 ± 0.002 


0.968 ± 0.002 
0.962 ± 0.004 
0.970 ± 0.005 


0.939 ±0.005 
0.930 ±0.008 
0.940 ± 0.009 


0.903 ±0.009 
0.888 ±0.014 
0.892 ±0.014 


0.656 ±0.031 
0.665 ± 0.035 
0.643 ± 0.033 


Average 


0.985 ± 0.004 


0.967 ± 0.006 


0.936 ±0.010 


0.894 ±0.016 


0.655 ±0.037 



7.4 Baryonic decays 
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Table 146: Reported branching fraction, minimum photon energy, branching fraction at min- 
imum photon energy and converted branching fraction B"^"^ for the decay b — )■ 57. All the 
branching fractions are in units of 10^^. The errors are, in order, statistical, systematic and 
theoretical (if exists) for B, and statistical, systematic and shape-function systematic for S™^. 
Theoretical errors in B{£^ > £min) are merged into the systematic error of B™'' during conver- 
sion. The CLEO measurement on the branching fraction at -Emm includes B — X^'y events. 



Mode 


Reported B 




B a.t E 


mill 


Modified B (E^m = 1-6) 


CLEO Inc. |396] 


321 ± 43 ± 27+{^ 


2.0 


306 


± 


41 


±26 


327 ± 44 ± 28 ± 6 


Belle Semi. PB] 


336 ± 53 ± 42tfi 


2.24 










369 ± 58 ± 46+^^ 


BABAR Semi. |388| 


335 ± 19tll1:t 


1.9 


327 


± 


18 


+55+4 

-40-9 


349 ± 20tll1:t 


BABAR Inc. (389] 




1.9 


367 ± 


29 


± 


34 ±29 


390 ± 31 ± 47 ± 4 


BABAR Full |447j 


391 ± 91 ± 64 


1.9 


366 


± 


85 


±60 


389 ± 91 ± 64 ± 4 


Belle Inc. |M3] 




1.7 


345 


± 


15 


±40 


347 ± 15 ± 40 ± 1 



Average 355 ± 24 ± 9 



Table 147: Branching fractions of baryonic decays (in units of 10 ^). Upper limits are at 
90% CL. values in red (blue) are new published (preliminary) results since PDG2010 [as of 
March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


CLEO 


New Avg. 


368 




1.62 ±0.20 


1.69 ±0.29 ±0.26 f 


1.57l°l^±0.12§ 


< 160 


^■""-0.17 


371 


Q++P 1 


5.9 ±0.5 


6.7±0.5±0.4t 


5.00l°i^ ± 0.32 § 




5.48 ±0.34 


372 


< 0.091 


< 0.09 


< 0.091 




< 0.09 


373 


fj{2221)K+ 2 


< 0.41 




< 0.41 




< 0.41 


374 


M(1520) 


< 1.5 


< 1.5 






< 1.5 


376 




f.+0.8 
O.D_o 7 


5.3 ± 1.5 ± 1.3 t 


3.38l[5 jg ± 0.39 t 




(54+0.79 
•^■"^-0.70 


377 


fj{2221)K*+ 2 


< 0.77 


< 0.77 






< 0.77 


378 


pA 


< 0.32 




< 0.32 


< 1.5 


< 0.32 


380 


p'A-K^ 


s.oolSi 




3.oot[!:^3 ± 0.33 




nn+0.69 
•5.UU_o.62 


381 


pr(1385)° 


< 0.47 




< 0.47 




< 0.47 


382 


A+Z 


< 0.82 




< 0.82 




< 0.82 


384 


pUn+Ti- (NR) 


5.9± 1.1 




bmto.ll ± 0.69 




5 00+1.12 


385 




4.8 ±0.9 




4:.78t.til ± 0.60 




A 70 + 0.90 

4.'8_og8 


386 


M/2(1270) 


2.0 ±0.8 




2mt°olZ ± 0.27 




Z.UO_Q 77 


387 


AA-K+ 


< 0.94 




< 0.94 § 




< 0.94 § 


388 


AAK+ 


3.4 ±0.6 




3.38l!]-^^ ± 0.41 t 




Q Qo+0.58 


389 


AAK*+ 
A p 


9+1.2 
^•^-0.9 




2.19li]3±o.33§ 




2 19+118 


390 


< 1.38 




< 1.38 § 


< 380 


< 1.38 § 


391 


A++P 


< 0.14 




< 0.14 § 


< 150 


< 0.14 § 



§Di-baryon mass is less than 2.85 GeV/c^; f Charmonium decays to pp have been statistically subtracted; 

1 The charmonium mass region has been vetoed; ^ 9(1540)++ — > K^p (pentaquark candidate); 

2 Product BF — daughter BF taken to be 100% 



205 



Table 148: Branching fractions of baryonic B'^ decays (in units of 10 Upper limits are at 
90% CL. values in red (blue) are new published (preliminary) results since PDG2010 [as of 
March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


CLEO 


New Avg. 


366 


PP 


< 0.11 


< 0.27 


< 0.11 


< 1.4 


< 0.11 


368 


ppK° 


2.66 ±0.32 


3.0 ±0.5 ±0.3 t 


2.5ll°:i±0.21 t 




^•""-0.32 


369 




< 0.05 


< 0.05 


< 0.23 




< 0.05 


370 


/j(2221)i^" 2 


< 0.45 


< 0.45 






< 0.45 


371 


ppK*^ 


1 24+"-28 


1.47 ±0.45 ±0.40 t 


1.18™ ± 0.11 t 






372 


fj{222l)K*" 2 


< 0.15 


< 0.15 






< 0.15 


373 


pAn" 


3.14 ±0.29 


3.07 ±0.31 ±0.23 


3.23l^;^^ ±0.29 


< 13 


'^■-'^^-0.28 


374 


pS{1385y 


< 0.26 




< 0.26 




< 0.26 


375 




< 0.93 




< 0.93 




< 0.93 


376 


pAK- 


< 0.82 




< 0.82 




< 0.82 


377 


- 

pZj TT 


< 3.8 




< 3.8 




< 3.8 


340 


AA 


< 0.32 




< 0.32 


< 1.2 


< 0.32 


379 


AAK° 


4-O-0.9 




4.76l[!:«^ ± 0.61 t 




^•"J-0.91 


380 


AAK*° 






2.46ll];?^ ± 0.34 t 




2 46+0-93 



f Charmonium decays to pp have been statistically subtracted; | The charmonium mass region has been vetoed; 
1 6(1540)+ pK° (pcntaquark candidate); ^ Product BP ~ daughter BP taken to be 100%. 
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7.5 Bs decays 



Table 149: Bg branching fractions (in units of 10 ^). Upper limits are at 90% CL. Values in 
red (blue) are new published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


Belle 


CDF 


DO 


LHCb 


CMS 


New Avg. 


15 




< 1.2 


< 12 


0.57 ± 0.15 iO.lOf 




0.98l°;ig ±0.11 




0.73 ±0.14 


21 




14 ±8 




23.2 ±1.8 ±8.2 t 






23.2 ±8.4 


22 


TT + K- 


4.9 ± 1.0 


< 26 


5.0 ± 0.7 ± O.St 








5.0 ±1.1 


23 


K+K- 


33 ±9 


38tl° ± 7 


23.9 ± 1.4 ±3.6t 








25.4 ±3.7 






New 


< 66 










< 66 


25 




New 








28.1 ±4.6 ±4.6 




28.1 ±6.5 


28 


77 


< 8.7 


< 8.7 










< 8.7 


29 




C7+18+12 
°'-15-ll 


C7+18+12 
°'-15-ll 










^'-18 


30 




< 0.047 




< 0.035t 


< 0.042t 


< 0.012t 


< 0.016t 


< 0.012t 


31 




< 0.28 




< 0.28t 








< 0.28t 


32 




< 0.20 




< 0.20t 








< 0.20t 


33 




< 3.2 




1.47 ± 0.24 ±0.46t 


< 3.2 t 






1.47 ±0.52 



fRelative BF converted to absolute BF 



Table 150: Bg rare relative branching fractions. Values in red (blue) are new published (pre- 
liminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 




Mode 


PDG2010 Avg. 


CDF 


DO New Avg. 


13 


f,B{B« ^ 


7r+7T-)/f^B{B» 


-i- if + TT-) 


0.008 ± 0.002 ± 0.001 


0.008 ±0.002 


19 


B(B° 


^ <t><t>)/B(B° ^ 


J/i'4') 


(1.78 ±0.14 ±0.20) X 10^2 


1.78 ±0.24 


20 


f,B{BO ^ 


K+^-)/hB(BO 


-s- K+-K-) 


0.071 ± 0.010 ± 0.007 


0.071 ± 0.012 


21 




k+k-)/ub{bo 


K+-K-) 


0.347 ±0.020 ±0.021 


0.347 ±0.029 


31 


B{B0 - 


(t,li+ti-)/B{B° 


J/U) 


(1.11 ±0.25 ±0.09) X 10-3 


< 3.5 X 10-3 1.11 ±0.27 



7.6 Charge asymmetries 
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Table 151: CP asymmetries for charmless hadronic charged B decays (part I). Values in red (blue) are new published 
(preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


CLEO 


CDF 


New Avg. 


zzu 


1\ TT 


u.uuy it u.uzy 


A AOQ -U A (TiO -U n A1 A 

— u.uzy it u.UvSy it u.uiu 


Am /I -Un A10-LA AAfi 
— U.Ui4 it U.UiZ it U.UUO 


A 1 Q -U A 0/1 -U n AO 
U.io it U.Z4 it U.UZ 




n Al -U A ni 9 

— U.UiO it U.UiZ 


991 


1\ 7T 


n c\^^ -U n 09^^ 
u-uoi m u.UiO 


u.uou It u.uoy m u.uiu 


u.U'4:o m u-uz-rt It u.uuz 


n 90 -1- n 9^ -1- n n9 
— u.zy m u.zo It U.Ui 




n AQ7 -L A 091 
U.Uo / It U.UZl 


999 


n' R" + 


n ni -1- n ni 7 
u-u±o m u.u± i 


n nns"'"'^ *^^^ -i- n nno 
u.uuo_Q Q-|^g It u.uuy 


0.028 ±0.028 ±0.021 


U.Uo m u.iz m u.uz 




O.Uici_o.oi7 


223 


r] K ^ 


— 0.301q 37 ± 0.02 


—0.26 ± 0.27 ± 0.02 








—0.26 ± 0.27 




»?'K'q(1430)+ 


New 


0.06 ± 0.20 ± 0.02 








0.06 ± 0.20 




?7'K J(1430)^ 


New 


0.15 ± 0.13 ± 0.02 








0.15 ± 0.13 


224 


— o.o / ± u.oy 


A Q/^ J_ All J_ A AQ 

— O.OD ± 0.11 ± O.Oo 


A QO _L All _L A Al 
— O.OO ± 0.11 ± 0.01 






A OT _L A AO 

— U.o( ± U.Uo 


99f^ 




U.U.^ it U.UD 


A m -U A Afi -U A no 
U.Ui it U.Uo it u.Uz 


AAQ-Unin-UAAI 
U.UvJ it U.iU it U.Ui 






n A9 -L A f\(\ 
U.UZ it U.UD 


99A 


f^Lr'* A Q^^^- 


U.Uo it U.lo it U.Uz 


A Af; -LA 1 Q _L A AO 

U.Uo it U.ivS it U.Uz 








n Ac; _L A 1 Q 
U.U5 it U. Lo 


227 




—0.45 ± U.oU ± U.02 


A y1 C; J_ A QA J_ A AO 

—0.45 ± O.oO ± 0.02 








A /I _L A QA 

—0.45 ± O.oO 


236 




n no -1- n 0^ 


_A ni _|_ A 07 _L A A1 
— U.UX U.UI u.ux 


A AK+O.OS _|_ Q (-.1 
U.UO Q 0y ^ U.Ui 






n AO -L (T^ 

U.Ui ^ U.UO 


237 




0.29 ± 0.35 


0.29 ± 0.35 ± 0.02 






0.29 ± 0.35 


239 


a;iC^(1430) + 


-0.10 ±0.09 


-0.10 ±0.09 ±0.02 








-0.10 ±0.09 


240 


a;JC|(1430) + 


0.14 ±0.15 


0.14 ±0.15 ±0.02 








0.14 ±0.15 


243 




-0.04 ±0.09 


0.032 ± 0.052tg g}^ 


-0.149 ±0.064 ±0.022 






-0.038 ± 0.042 


244 




0.04 ±0.29 ±0.05 


-0.06 ±0.24 ±0.04 








-0.06 ± 0.24 


245 




0.038 ± 0.022 


0.028 ± 0.020 ± 0.023 


0.049 ± 0.026 ± 0.020 






0.038 ±0.022 


- 




New 


-0.006 ± 0.006 ± 0.004 








-0.006 ± 0.007 


248 


M980)K+ 


-0 in+0 05 


-0.106 ±0.050to;oi5 


-0.077 ± 0.065t;5:o26 








249 


/2(1270)K+ 


-U.b«_g 


-0.85±0.22to;i3 


-0.59 ±0.22 ±0.04 






-0.68«;?« 


253 


/o(1500)K+ t 


0.28 ± 0.26lo ^4 


0.28±0.26t°;}4 










255 


pOK+ 


0.37 ±0.10 


0.44±0.10t|3;?^ 


0.30±0.1ll!il:JJ 






0.37 ±0.11 


256 


A'Q(1430)''7r+ 


0.55 ± 0.33 


0.032 ± 0.035^0 028 


0.076 ± 0.0381^ 022 






0.055+?,°?:^ 


257 


ii'|(1430)''7r+ 


0.05 ± 0.23+Q 


0.05 ± 0.23''"o J| 








vj.wu_o 24 


265 


p+K" 


-0.12 ± 0.17 ± 0.02 


-0.12 ± 0.17 ± 0.02 








-0.12 ± 0.17 


266 




0.07 ±0.07 ±0.04 


0.07 ±0.07 ±0.04 








0.07 ±0.08 


267 




n 2n+2 S? + n 04 


31 + 1 3 + 03 








31+013 


268 




_n Q4 -1- n 21 + n 03 


U.-LO _l_ U.-L.^ _l_ U.UO 








_0 1^ + 012 

U. -LO _l_ U.-Li 


269 




12 + 1 1 + 02 


012 + 011 + 02 








0.12 di 0.11 


270 




— U.UO ^ u.xo 


_A AQ _|_ A 1 K _|_ A AO 
— U.UO U.XU U.Ui 








_A AQ _L A 1 C 
— U.UO U.-LO 


271 


i\ p 


_n Al _|_ A 1 « _L A AO 

— u.ux ^ u.xu ^ u.u.^ 


_A Al _L A 1 C _L A AO 
— U.Ui U.-l-U u.u^ 








_A Al -LAIC 

— U.U± u.xu 


274 


b'^K+ 


_n 4« _|_ A OA _L A AO 
— U.1U ^ U.^U u.u^ 


_A 4« _L A OA -L n AO 
— U.IU U.^U u.u^ 








_A 4R -L n 90 

— U.tU U.iU 


277 


K+K 


0.12 ± 0.18 


0.10 ± 0.26 ± 0.03 


0.017 ± 0.168 ± 0.002 






0.041 ± 0.141 


279 


K+KsKs 


—0.04 ± 0.11 


—0.04 ± 0.11 ± 0.02 








—0.04 ± 0.11 


9Q1 


J\ ' I\ TT ' 


n An _L n i n _l n aq 
U.UU it U.iU it U.U^S 


A AA -LA 1 A _L A AQ 
U.UU it U.iU it U.UvS 








A AA 1 A 1 A 
U.UU it U. iU 


9m 
Zyl 


T^-\- l^— T^-\- 


A ni 'y _L A AOfi _J_ A ni 
— U.Ui / it U.UiD it U.Ulo 


A no _L A AQ _L A AO 

— U.Uz it U.Uo it U.Uz 








A AO _L A A/1 
— U.Uz it U.U4 


292 




—0.01 ± 0.06 


f\ f\r\ 1 r\ r\Ci I r\ r\c\ 

0.00 ± 0.08 ± 0.02 


0.01 ± 0.12 ± 0.05 




-0.07±0.17Ioo2 


—0.01 ± 0.06 


300 




on + 08 + 03 


on + 08 + 03 






on + 09 

\J * A. A. _1_ \J t\J 


301 




-0.01 ±0.08 


0.00 ±0.09 ±0.04 


-0.02 ±0.14 ±0.03 






-0.01 + 0.08 


303 


0Xi{127O)+ 


0.15 ±0.20 


0.15 ±0.19 ±0.05 








0.15 ±0.20 


306 


(/>is:^(1430) + 


0.04 ±0.15 


0.04 ±0.15 ±0.04 








0.04 ±0.15 


307 


(/>is:*(1430) + 


-0.23 ±0.20 


-0.23 ±0.19 ±0.06 








-0.23 ± 0.20 


310 




New 


-0.10 ±0.08 ±0.02 


O.Ollo.le =•= 0-02 






-0.08 ± 0.07 


314 




0.18 ±0.29 


0.18 ±0.28 ±0.07 






0.18 ±0.29 


316 




-0.12 ±0.07 


-0.09 ±0.10 ±0.01 


-0.16 ±0.09 ±0.06 






-0.12 ± 0.07 


318 




-0.26 ±0.14 ±0.05 


-0.26 ±0.14 ±0.05 


-0.03 ±0.11 ±0.08 






-0.13 ± 0.10 



Table 152: CP asymmetries for charmless hadronic charged B decays (part II). Values in red (blue) are 
new published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


CLEO CDF 


New A-vg. 






— U. ±1 ZH U.OO 




n 1 1 -t- n "^9 -t- n oq 




n 1 1 -t- n -^-^ 


oou 


7r+7r° 


n nfi -t- n 
u.uu in u.uu 


n n'? ^ n n^i -t- n ni 






n n9f^ -t- n it^q 


ool 






n 0*^9 -t- n nAA+0-040 
u.uoz m vJ.u^^_o 037 






U.Od^_0 057 


332 




n 1 Q+0.09 
0-18-0.17 


0.18 ± 0.07_o j^g 






n 1 O+0.09 
0-18-0.17 


334 


/2(1270)7r+ 


^■^^-0.29 


0.41 ± 0.25lo jg 






U.*J^_0.29 


335 


p(1450)''7r+ 


-0 06+°'^*^ 


-0.06±0.28to-32 






-0 06+'' 36 


338 


7r+7r-7r+(Ari?) 


-0 14+0-23 


-0.14±0.14t°-;j8 


0.06 ±0.171!^ °^ 




"^-^^-0.16 


340 




0.02 ±0.11 


-0.01 ±0.13 ±0.02 




0.02 ±0.11 


342 




-0.05 ±0.05 


-0.054 ±0.055 ±0.010 


0.00 ±0.22 ±0.03 




-0.051 ±0.054 


346 




—0.04 ± 0.06 


—0.02 ± 0.08 ± 0.01 


—0.02 ± 0.09 ± 0.01 


—0.34 ± 0.25 ± 0.02 


—0.04 ± 0.06 


347 


£jp+ 


-0.20 ±0.09 


-0.20 ±0.09 ±0.02 






-0.20 ±0.09 


348 




-0.13 ±0.10 


-0.03 ± 0.09 ± 0.03 


-0.19 ±0.06 ±0.01 




-0.14 ±0.05 


349 


rjp+ 


0.11 ±0.11 


0.13 ±0.11 ±0.02 


-0.04l0:|4 ± 0.01 




0.11 ±0.11 


350 


r;'7r+ 


0.06 ±0.16 


0.03 ±0.17 ±0.02 


0-20lo 36 i 0-0"^ 




0.06 ±0.15 


351 


n'p+ 


0.04 ±0.28 ±0.02 


0.26 ±0.17 ±0.02 






0.26 ±0.17 


359 




0.05 ±0.16 ±0.02 


0.05 ±0.16 ±0.02 






0.05 ±0.16 


368 


ppn~^ 


0.00 ± 0.04 


0.04 ±0.07 ±0.04 


-0.17 ±0.10 ±0.02 




-0.04 ±0.06 


371 


ppK^ 


-0.16 ±0.07 


-0.16 ±0.08 ±0.04 


-0.02 ±0.05 ±0.02 




-0.06 ±0.05 


376 




0.21 ±0.16 


0.32 ±0.13 ±0.05 


-0.01 ±0.19 ±0.02 




0.21 ±0.11 


379 


pAf 


0.17 ±0.16 ±0.05 




0.17 ±0.16 ±0.05 




0.17 ±0.17 


380 


pAw'^ 


0.01 ±0.17 ±0.04 




0.01 ±0.17 ±0.04 




0.01 ±0.17 


416 


K+U 


-0.01 ±0.09 


-0.18 ±0.19 ±0.01 


0.04 ±0.10 ±0.02 




-0.01 ±0.09 


417 


K+e+e- 


0.14 ±0.14 




0.14 ±0.14 ±0.03 




0.14 ±0.14 


418 


K+n+p- 


-0.05 ±0.13 




-0.05 ±0.13 ±0.03 




-0.05 ±0.13 


421 


K*+U 


-0.09 ±0.14 


O.Olto:24 ±0.02 


-0.13lo ig ±0.01 






422 


K'+e+e- 


'-'-J^^-0.22 


-O.lAtoH ±0.02 






423 


K*+p+p- 


-0.12 ± 0.24 




-0.12 ±0.24 ±0.02 




-0.12 ±0.24 



Table 153: CP asymmetries for charmless hadronic neutral B decays. Values in red (blue) are new 
published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


CDF 


LHCb 


New Avg. 


210 


K + TT- 


-0.098 ±0.013 


-0.107 ±0.01610 00;^ 


-0.069 ±0.014 ±0.007 


-0.086 ± 0.023 ± 0.009 


-0.088 ±0.011 ±0.008 


-0.087 ±0.008 


213 


r,'K*° 


0.08 ±0.25 ±0.02 


0.02 ± 0.23 ± 0.02 








0.02 ± 0.23 


_ 


1430)0 


New 


-0.19 ±0.17 ±0.02 








-0.19 ±0.17 





?j'Jf|(1430)0 


New 


0.14 ±0.18 ±0.02 








0.14 ±0.18 


215 




0.19 ± 0.05 


0.21 ± 0.06 ± 0.02 


0.17 ±0.08 ±0.01 






0.19 ±0.05 


216 


r,K* {I'iZOf 


0.06 ±0.13 ±0.02 


0.06 ±0.13 ±0.02 








0.06 ±0.13 


217 


r/K* (1430)0 


-0.07 ±0.19 ±0.02 


-0.07 ±0.19 ±0.02 








-0.07 ±0.19 


222 


b-K+ 


0.07 ±0.12 ±0.02 


0.07 ±0.12 ±0.02 








0.07 ±0.12 


227 




0.45 ± 0.25 


0.45 ±0.25 ±0.02 








0.45 ± 0.25 


229 


a;A-*( 1430)0 


-0.07 ±0.09 


-0.07 ±0.09 ±0.02 








-0.07 ±0.09 


230 


a;A-*( 1430)0 


0.37 ±0.17 


0.37 ±0.17 ±0.02 








0.37 ±0.17 


232 
233 
236 


p-K+ 

K + Tr~ -w^ ( N Ti\ 
1\ l\ 11 I i V J L J 


0.00 ± 0.06 
0.15 ± 0.13 

U-^0_Q 28 


-O.OSOlo ggf ± 0.055 
0.20 ± 0.09 ± 0.08 
u.-LU zn. u.-LU zn. u.uo 


0.07 ±0.11 ±0.01 

Q 29+0-22+0.06 
—0.23—0.02 






O.OOOtroM 

0.20 ± 0.11 

n 10 + IS 
u. J-U zn. u. J-O 


zoo 


-A. Q yL^OKj J TV 


n 99 -1- n "^9 


— U.IO HI U.IU HI U.U'i 








n 1 c: _(_ n 1 1 
— u.io m u.ii 




l\ TV TV 


— u.u± m u.uo 


n m -t- n n^; -t- n m 
— u.ui m u.uo m u.ui 








ni -1- n o^i 
— U.UI m u.uo 


245 


K*'^7V~ 


n 1 Q _|_ n 07 


94 -t- n 07 -t- n (19 
u.z^i in u.u/ m u.uz 


91 -t-011 -t-0 07 
— u.z_L in u.-L-i- in u.u/ 






9*? ^ Ofi 
— U.ZO Zll u.uu 


246 




n 1 n -k n nv 

U. -LU ^ U.U / 


n 07 4- n 1 4. -t- n 01 
u.Ui in u.-L^: m u.U-L 








07 ^ 1 ZL 
u.u / ^ U. -L^ 


252 






— U. -LO ^0. U..LZ ^0. U.Ut 








_n 1 + 1 


259 




Q (-17 _|_ n QA + n QQ 


07 + n 04 + n 03 








07 + 05 


260 


K*°n° 


0.09 ± 0.19 ± 0.02 


—0.06 ± 0.09 ± 0.02 








—0.06 ± 0.09 


265 




New 


0.21 ± 0.15 ± 0.02 








0.21 ± 0.15 


261 


fnf980')i4'*0 


-0.17 ± 0.28 


0.07 ± 0.10 ± 0.02 








0.07 ± 0.10 


264 




_r) if:-|-r)i9 + n01 


\J.i.\J _1_ yj.i.Zi _1_ W.L/-L 








_o 1 fi + 1 9 


279 


K*Ok+K- 


0.01 ±0.05 ±0.02 


0.01 ±0.05 ±0.02 








0.01 ± 0.05 


280 


<f>K*<^ 


0.01 ±0.05 


0.01 ±0.06 ±0.03 


0.02 ±0.09 ±0.02 






0.01 ± 0.05 


281 




0.22 ±0.33 ±0.20 


0.22 ±0.33 ±0.20 








0.22 ± 0.39 


289 


(/li^o* (1430)0 


0.20 ±0.15 


0.20 ±0.14 ±0.06 








0.20 ±0.15 


294 


<I)K* {M30f 


-0.08 ±0.13 


-0.08 ±0.12 ±0.05 








-0.08 ±0.13 


301 




-0.16 ±0.23 


-0.16 ±0.22 ±0.07 








-0.16 ±0.23 


316 


ttOttO 




0.43 ± 0.26 ± 0.05 


0.44^0.52 ±0.17 






0.43 ± 0.24 


359 




-0.05 ±0.10 ±0.02 


-0.05 ±0.10 ±0.02 








-0.05 ±0.10 


371 


ppK*° 


0.05 ± 0.12 


0.11 ±0.13 ±0.06 


-0.08 ±0.20 ±0.02 






0.05 ± 0.12 


373 


pAn~ 


0.04 ± 0.07 


-0.10 ±0.10 ±0.02 


-0.02 ±0.10 ±0.03 






-0.06 ±0.07 


427 


K*°U 


-0.05 ±0.10 


0.02 ±0.20 ±0.02 


-0.08 ±0.12 ±0.02 






-0.05 ±0.10 


428 


K*°e+e- 


-0.21 ±0.19 




-0.21 ±0.19 ±0.02 






-0.21 ±0.19 


429 


K*°ti+p- 


0.00 ±0.15 




0.00 ±0.15 ±0.03 






0.00 ±0.15 



f Measurements of time-dependent CP asymmetries are listed in the section of the Unitarity Triangle. 



Table 154: Charmless hadronic CP asymmetries for B^/B^ admixtures. Values in red (blue) are new 
published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


CLEO 


New Avg. 


65 




-0.003 ± 0.017 


-0.003 ±0.017 ±0.007 


-0.015 ±0.044 ±0.012 


0.08 ±0.13 ±0.03 


-0.003 ±0.017 


7 




0.014 ±0.028 


-0.011 ±0.030 ±0.014 


0.002 ±0.050 ±0.030 


-0.079 ±0.108 ±0.022 


-0.012 ±0.028 




(s + d)-y 


-0.110 ±0.115 ±0.017 


-0.11 ±0.12 ±0.02 






-0.11 ±0.12 




K+X 


New 


0.17 ± 0.24 ±0.05t 






0.17 ±0.24 




■K+X 


New 


0.10 ± 0.16 ±0.05t 






0.10 ±0.17 


80 


sr] 


New 




0.13±0.04±H3§ 






115 


sU 


-0.22 ± 0.26 


-0.22 ±0.26 ±0.02 






-0.22 ±0.26 


118 


K'e+e- 


-0.18 ± 0.15 




-0.18 ±0.15 ±0.01 




-0.18 ±0.15 


120 


K*ii+ii- 


-0.03 ± 0.13 




-0.03 ±0.13 ±0.02 




-0.03 ±0.13 


122 


K*U 


-0.07 ±0.08 


O.Olt|j;i^ ±0.01 


-0.10 ±0.10 ±0.01 




-0.07 ±0.08 



t p* > 2.34 GeV; § 0.4 < Mx, < 2.6 GeV; 



Table 155: CP asymmetries for charmless hadronic Bg decays. Values in red (blue) are new published 
(preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


Belle CDF 


LHCb 


New Avg. 


22 


K+n- 


New 


0.39 ±0.15 ±0.08 


0.27 ±0.08 ±0.02 


0.29 ±0.07 



7.7 Polarization measurements 

Table 156: Longitudinal polarization fraction fi for decays. Values in red (blue) are new 
published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


New Avg. 


237 


ujK*+ 


0.41 ±0.18 ±0.05 


0.41 ±0.18 ±0.05 




0.41 ±0.19 


240 


a;/s:|(1430)+ 


0.56 ±0.10 ±0.04 


0.56 ±0.10 ±0.04 




0.56 ±0.11 


267 






0.78 ±0.12 ±0.03 




0.78 ±0.12 


271 




0.48 ± 0.08 


0.52 ±0.10 ±0.04 


0.43±0.1ltg:[]^ 


0.48 ± 0.08 


289 




0.75toit ± 0.03 


O.ldtoil ± 0.03 


75+016 


301 


(pK*+ 


0.50 ± 0.05 


0.49 ±0.05 ±0.03 


0.52 ±0.08 ±0.03 


0.50 ±0.05 


303 


(j)Ki{l270)+ 


n ^(.+0.12+0.06 
'-'■^0-0.13-0.07 


n ^f;+0.12+0.06 
^•^"-0.13-0.07 






307 


(/>K2*(1430)+ 


0.80lJ] ?i| ± 0.03 


0.80t[| ?i] ± 0.03 




0.80 ±0.10 


342 


p+p^ 


0.950 ±0.016 


0.950 ±0!015± 0.006 


0.95 ±0.11 ±0.02 


0.950 ±0.016 


347 


ujp'^ 


0.90 ±0.05 ±0.03 


0.90 ±0.05 ±0.03 




0.90 ±0.06 



Table 157: Full angular analysis of — t- (pK*^. Values in red (blue) are new published 
(preliminary) results since PDG2010 [as of March 12, 2012]. 



Parameter PDG2010 Avg. BABAR Belle New Avg. 







0.20 ±0.05 







21 ±0 


05 ±0 


02 





19 ±0.08 


±0.02 





20 ±0 


05 






2.34 ±0.18 




2 


47 ±0 


20 ±0 


07 


2 


10 ±0.28 


±0.04 


2 


34 ±0 


17 






2.58 ±0.17 




2 


69 ±0 


20 ±0 


03 


2 


31 ±0.30 ±0.07 


2 


58 ±0 


17 


So 


3 


07 ± 0.18 ±0 


06 


3 


07 ±0 


18 ±0 


06 








3 


07 ±0 


19 


^CP 





17±0.11 ±0 


02 





17 ±0 


11 ±0 


02 











17 ±0 


11 


^CP 





22 ± 0.24 ± 


08 





22 ±0 


24 ±0 


08 











22 ±0 


25 







07 ± 0.20 ±0 


05 





07 ±0 


20 ±0 


05 











07 ±0 


21 







19 ± 0.20 ±0 


07 





19 ±0 


20 ±0 


07 











19 ±0 


21 


A6o 





20 ± 0.18 ±0 


03 





20 ±0 


18 ±0 


03 











20 ±0 


18 



BR, /i and Acp are tabulated separately. 
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Table 158: Longitudinal polarization fraction fi for 5° decays. Values in red (blue) are new 
published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP^ 


Mode 


PDG2010 Avg. 


BABAR 


Belle 


New Avg. 


227 




0.69 ±0.13 


0.72 ±0.14 ±0.02 


0.56± 0.29+[i n2 


0.70 ±0.13 


230 




0.45 ±0.12 ±0.02 


0.45 ±0.12 ±0.02 




0.45 ± 0.12 


260 




0.57 ±0.09 ±0.08 


0.40 ±0.08 ±0.11 




0.40 ±0.14 


265 


K*+p- 


New 


0.38 ±0.13 ±0.03 




0.38 ±0.13 


280 


(j)K*° 


0.480 ±0.0030 


0.494 ±0.034 ±0.013 


0.45 ±0.05 ±0.02 


0.480 ±0.030 


282 




O.SOtg ± 0.06 


0.801:^1^ ± 0.06 




0.801^:- 


294 




0.90i;g;|55^ ± 0.037 


0.9011:1^:1^5^ ± 0.037 




0.9011°:°^^ 


345 




0.75+^ ^4 ±0.04 


0.75ti \l ± 0.04 




'0-0.15 


353 


p+p- 


+0.028 
^•^ ' ' -0.024 


0.992 ±0.024t°:°26 


OMltomt ± 0.030 


n Q7O+0.025 


364 


afaf 


0.31 ±0.22 ±0.10 


0.31 ±0.22 ±0.10 




0.31 ±0.24 



Table 159: Full angular analysis of — )■ (pK*^. Values in red (blue) are new published 
(preliminary) results since PDG2010 [as of March 12, 2012]. 



Parameter PDG2010 Avg. BABAR Belle New Avg. 

f± = A_L± 0.24 ±0.05 0.212 ±0.032 ±0.013 0.3ll:[}:|]^ ± 0.02 0.241 ± 0.029 

0|| 2.40 ±0.13 2.40 ±0.13 ±0.08 2.40t[]:^^ ± 0.07 2.40;[j:}^ 

(/>_L 2.39 ±0.13 2.35 ±0.13 ±0.09 2.51 ± 0.25 ± 0.06 2.39 ±0.13 

6o 2.82 ±0.15 ±0.09 2.82 ± 0.15 ± 0.09 2.82 ±0.17 

Al.p 0.04 ±0.06 0.01 ±0.07 ±0.02 0.13 ± 0.12 ± 0.04 0.04 ± 0.06 

A^p -0.11 ±0.12 -0.04 ±0.15 ±0.06 -0.20 ± 0.18 ± 0.04 -0.11 ±0.12 

A^ll 0.11 ±0.22 0.22 ±0.12 ±0.08 -0.32 ± 0.27 ± 0.07 0.11 ±0.13 

A(/)_L 0.08 ±0.22 0.21 ±0.13 ±0.08 -0.30 ± 0.25 ± 0.06 0.08 ±0.13 

A6o 0.27 ±0.14 ±0.08 0.27 ± 0.14 ± 0.08 0.27 ±0.16 

BR, fi and Acp are tabulated separately. 
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Table 160: Full angular analysis of — )■ 0i^'2 (1430)". Values in red (blue) are new published 
(preliminary) results since PDG2010 [as of March 12, 2012]. 



Parameter 


PDG2010 Avg. 


BABAR Belle 


New Avg. 


f± = 

h 

So 

A-CP 

A6o 


0.002t° °J^ ± 0.031 
3.96 ±0.38 ±0.06 
3.41 ±0.13 ±0.13 
-0.05 ±0.06 ±0.01 
-1.00 ±0.38 ±0.09 
0.11 ±0.13 ±0.06 


0.002+°;°^^ ± 0.031 
3.96 ±0.38 ±0.06 
3.41 ±0.13 ±0.13 
-0.05 ±0.06 ±0.01 
-1.00 ±0.38 ±0.09 
0.11 ±0.13 ±0.06 


002+° °^^ 

U.UUZ_Q 

3.96 ±0.39 
3.41 ±0.18 
-0.05 ±0.06 
-1.00 ±0.39 
0.11 ±0.14 



BR, fi and Acp are tabulated separately. 



Table 161: Longitudinal polarization fraction fi for Bs decays. Values in red (blue) are new 
published (preliminary) results since PDG2010 [as of March 12, 2012]. 



RPP# 


Mode 


PDG2010 Avg. 


CDF 


LHCB 


New Avg. 


21 




New 


0.348 ± 0.041 ± 0.021 




0.348 ± 0.046 


25 


New 




0.38 ±0.11 ±0.04 


0.38 ±0.12 
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8 D decays 



8.1 D -D mixing and CP violation 
8.1.1 Introduction 

In 2007 Belle and BABAR |119] obtained the first evidence for D°-D° mixing;, which had 
been searched for for more than two decades. These results were later confirmed by CDF [450] . 
There are now numerous measurements of D^-D^ mixing with various levels of sensitivity. 
All the results are input into a global fit to determine world averages of mixing parameters, 
CP-violation {CPV) parameters, and strong phases. 

Our notation is as follows. The mass eigenstates are denoted = p\D^) —q\D^) and D2 = 
p\D^)+q\W), where we use the convention CP\D^) = -\D°) and CP\D°) = -\D°). Thus in 
the absence of CP violation, is CP-even and D2 is CP-odd. The weak phase = Aig{q/p). 
The mixing parameters are defined as x = (m^ — mg) /F and y = {T^ — Fg) / (2F), where m^, 
and T^, Fg are the masses and decay widths for the mass eigenstates, and F = (F^ + F2)/2. 

The global fit determines central values and errors for ten underlying parameters. These 
consist of mixing parameters x and y; a parameter describing the ratio of decay rates Rj^ = 
\A{D°^K+n~)/A(D'^^K+7i~)\^; CPV parameters \q/p\, 0, and = (P+ - P^)/(Pj + 
P^), where the + (— ) superscript corresponds to D'^ (-0°) decays; direct CPV parameters Aj^j^ 
and A^^ (discussed below); the strong phase difference S between ^ K^n^ and K~7r~^ 
amplitudes; and the strong phase difference S^^^^ between ^ K~p^ and — )■ K^p^ 
amplitudes. 

The fit uses 38 observables taken from measurements of K^i^u, — )■ K^K^ and 

vr+TT-, P)° ^ K+7r~, D° K+TT~Tr^, K^tx+tx-, and K'^K+R- decays0 

and from double-tagged branching fractions measured at the ?/'(3770) resonance. Correlations 
among observables are accounted for by using covariance matrices provided by the experimental 
collaborations. Errors are assumed to be Gaussian, and systematic errors among different 
experiments are assumed uncorrelated unless specific correlations have been identified. We 
have checked this method with a second method that adds together three-dimensional log- 
likelihood functions for x, y, and 6 obtained from several analyses; this combination accounts 
for non-Gaussian errors. When both methods are applied to the same set of measurements, 
equivalent results are obtained. 

Mixing in heavy fiavor systems such as those of and B^ is governed by a short- distance 
box diagram. In the D° system, however, this diagram is doubly- Cabibbo-suppressed relative 
to amplitudes dominating the decay width, and it is also GIM-suppressed. Thus the short- 
distance mixing rate is tiny, and D^-D^ mixing is expected to be dominated by long-distance 
processes. These are difficult to calculate rehably, and theoretical estimates for x and y range 
over two-three orders of magnitude |451H454] . 

With the exception of ?/'(3770) -^DD measurements, all methods identify the fiavor of the 

or Z) ° when produced by reconstructing the decay D^n~^ or D*~ ^ D "vr" . The charge 

of the pion, which has low momentum and is usually referred to as the "soft" pion tt^, identifies 
the D fiavor. For signal decays, M^, —M^o = Q ^ 6 MeV, which is close to the threshold; 

thus analyses typically require that the reconstructed Q be small to suppress backgrounds. For 
time-dependent measurements, the decay time is calculated as (d/p) x M^o, where d is the 

''''Charge-conjugate modes are implicitly included. 
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distance between the D* and decay vertices and p is the D° momentum. The D* vertex 
position is taken to be at the primary vertex for pp colhder experiments [450] . and at the 
intersection of the D'^ momentum vector with the beamspot profile for e^e~ experiments. 

8.1.2 Input observables 

The global fit determines central values and errors for the underlying parameters using a 
statistic. The fitted parameters are x, y, i?^, A^, \q/p\, (p, 6, 5^^^, Aj^j^ and A^^. The 
parameter Sj^^^ is the strong phase difference between the amplitudes A{D^ — ?► K^p^) and 
AlD'^ p~) . In the D — > A'+7r~7r° Dalitz plot analysis that provides sensitivity to x and y, 
the K^TT'Tc^ isobar phases are determined relative to that for A{D^ p~), and the 

^ K~^7^~7r^ isobar phases are determined relative to that for A{D^ ^ p~) . As the and 

Dalitz plots are fit independently, the phase difference 5^^^ between the two "normalizing" 
amplitudes cannot be determined from these fits. 

All input measurements are listed in Tables [T621I164I The observable i?^ = (x^ + y'^)/2 is 
calculated from D'^^K~^i~h' decays |455H458j and is the world average (WA) value calculated 
by HFAG |459] . The inputs used for these averages are plotted in Fig. EHl The observables 
y^p and A-p are also HFAG WA values |459] : the inputs used for these averages are plotted 
in Figs. ED and El The D^-^K+n' observables used are from Belle |160], BABAR [1^, and 
CDF |450j : earlier measurements have much less precision and are not used. The observables 
from — )■ K'^vr+vr" decays for no-CPV are from Belle |461j and BABAR |462] . but for the 
CPy-allowed case only Belle measurements |461j are available. The ^K^tt'tt^ results are 
from BABAR ^463j, and the ^(3770) results are from CLEOc p64j . 

The relationships between the observables and the fitted parameters are listed in Table 11651 
For each set of correlated observables we construct a difference vector V\ e.g., for tt+tt^ 
decays, V = {Ax, Ay, A\q/p\, A(f)) where A represents the difference between the measured 
value and the fitted value. The contribution of a set of observables to the is calculated as V ■ 
[M~^) ■V'^ , where is the inverse of the covariance matrix for the measurement. Covariance 
matrices are constructed from the correlation coefficients among the measured observables. 
These coefficients (where applicable) are also listed in Tables 1641 

8.1.3 Fit results 

The global fit uses MINUIT with the MIGRAD minimizer, and all errors are obtained from 
MINOS |476j . Four separate fits are performed: (a) assuming CP conservation, i.e., fixing 
Aj-, = 0, Ak = 0, A^ = 0, = 0, and \q/p\ = 1; (b) assuming no direct CPV and fitting for 
parameters x, y, and (p] (c) assuming no direct CPV and fitting for parameters Xi2 = 2|M]^2l/r, 
yi2 = ^12/^^ (f)i2 = ^^§(^12/^12) 5 where M^2 the off-diagonal elements of the 

mass and decay matrices, respectively; and (d) allowing full CPV, i.e., floating all 
parameters. 

For the no-direct-CPV^ fits, we set direct-CPV^ parameters A^ = 0, Ak = 0, and A^ = 0. In 
addition, for the first fit (b) we impose the relation |477[I478I tan0 = (1 — |g/pp)/(l + \q/p\'^) x 
(xM; this reduces four indeperrderrt parameters to teel? We impose this relationship in two 
ways: first we fioat parameters x, y, and and from them derive \q/p\', then we repeat the fit 
fioating X, y, and \q/p\ and from them derive (p. The central values returned by the two fits 

^^One can also use Eq. (15) of Ref. |479J to reduce four parameters to three. 
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HF AG-charm 



Moriond 2008 



E791 1996 



CLEO 2005 



BaBar 2007 



Belle 2008 



World average 



H 



iIiimIiiiiIiiiiIiiiiIiiiiIiiiiIiiiiIi 



0.300 ^ 
V.±±V .Q270 



0.160 ± 0.290 ± 0.290 % 



0.070 „ 
U.UUt .0.060 



0.013 ± 0.022 ± 0.020 % 



0.013 ± 0.027 % 



-0.2-0.1 0.1 0.2 0.3 0.4 0.5 

Rm(%) 

Figure 60: World average value of Rj^^ from Ref. |459j . as calculated from — > K^l~v 
measurements |455ti458j . 



are identical, but the first fit yields MINOS errors for 0, while the second fit yields MINOS 
errors for \q/p\. For no-direct-CP\^ fit (c), we fit for the underlying parameters Xi2i Vu^ and 
0]^2) from which parameters x, y, \q/p\, and (p are derived. 

All fit results are listed in Table [T66l For the CPl^-allowed fit, individual contributions to 
the are listed in Table 11671 The total is 35.6 for 37 — 10 = 27 degrees of freedom; this 
corresponds to a confidence level of 0.124, which is satisfactory. 

Confidence contours in the two dimensions (x, y) or in {\q/p\, 4>) are obtained by letting, for 
any point in the two-dimensional plane, all other fitted parameters take their preferred values. 
The resulting la-5a contours are shown in Fig. [63]for the CP-conserving case, in Fig. [Mlfor the 
no-direct-CP V case, and in Fig. [65] for the CPy-allowed case. The contours are determined 
from the increase of the above the minimum value. One observes that the (x, y) contours 
for the no-CPV^ fit are very similar to those for the CPV^-allowed fit. In the latter fit, the 
at the no-mixing point {x,y) = (0,0) is 110 units above the minimum value; for two degrees 
of freedom this has a confidence level corresponding to 10.2a. Thus, no mixing is excluded at 
this high level. In the {\q/p\, (p) plot, the point (1, 0) is within the la contour; thus the data is 
consistent with CP conservation. 

One-dimensional confidence curves for individual parameters are obtained by letting, for any 
value of the parameter, all other fitted parameters take their preferred values. The resulting 
functions Ax^ = ~ xLin (Xmin is the minimum value) are shown in Fig. |66l The points 
where Ax^ = 3.84 determine 95% C.L. intervals for the parameters; these intervals are listed 
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H FAG-charm 



E791 1999 
FOCUS 2000 
CLEO 2002 
Belle 2002 
Belle 2007 
Belle 2009 
BaBar 2009 
LHCb 2012 

World average 



I 



I « I 



H 



0.732 ± 2.890 ± 1.030 % 



3.420 ± 1.390 ± 0.740 % 



-1.200 ± 2.500 ± 1.400 



-0.500 ± 1.000 ± 0.800 



1.310 ± 0.320 ± 0.250 % 



0.110 ± 0.610 ± 0.520 % 



1.160 ± 0.220 ± 0.180 % 



0.550 ± 0.630 ± 0.410 % 



1.064 ± 0.209 % 



-4 -3 -2 -1 1 2 3 4 5 

Ycp (%) 



Figure 61: World average value of from Ref. [459] , as calculated from D^^K^K /tt+tt" 
measurements |448[l465fH70] . 



in Table 11661 



8.1.4 Conclusions 

From the fit results listed in Table fT66] and shown in Figs. [65]and|66l we conclude the following: 

• the experimental data consistently indicate that mesons undergo mixing. The no- 
mixing point X = y = is excluded at 10.2a. The parameter x differs from zero by 2.7a, 
and y differs from zero by 6.0a. This mixing is presumably dominated by long-distance 
processes, which are difficult to calculate. Unless it turns out that |x| ^ \y\ [451] , which 
is not indicated, it will probably be difficult to identify new physics from (x, y) alone. 

• Since y^p is positive, the CP-even state is shorter-lived as in the K^-K^ system. However, 
since x also appears to be positive, the CP-even state is heavier, unlike in the K^-K^ 
system. 

• The LHCb and CDF experiments have obtained first evidence for direct CPV in D° 
decays. Higher statistics measurements should be able to clarify this effect. There is 
no evidence for CPV arising from D^-D^ mixing {\q/p\ 7^ 1) or from a phase difference 
between the mixing amplitude and a direct decay amplitude (0 7^ 0). 
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H FAG- charm 



March 2012 



' I " ' I ' 



Belle 2007 



BaBar 2007 



LHCb 2012 



World average 



0.010 ± 0.300 ± 0.150 % 



0.260 ± 0.360 ± 0.080 % 



-0.590 ± 0.590 ± 0.210 



0.026 ± 0.231 % 



1.2 -1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 

A^(%) 



Figure 62: World average value of A-p from Ref. [459j . as calculated from ^K^K j-n^-n' 
measurements [448[l468[li70] . 
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Table 162: All observables used in the global fit except those from -^K^tt and those used 
for measuring direct CPV, from Refs. p8ll455H458ll461ti468] . 



Mode 


Observable 


Values 


Correlation coefficients 




D°^K+K-/tt+tt-, 


VCP 


(1.064 ± 0.209)% 






(j)Kl [459] 




(0.026 ±0.231)% 








X 


(0.811 ± 0.334)% 






(Belle+CLEO WA: 


V 


(0.309 ± 0.281)% 






no CPV or 


\l/p\ 


0.95 ± 0.22l°;J° 






no direct CPV) 




(—0.035 ± 0.19 =b 0.09) rad 


1 -0.007 -0.255Q 0.216 




(Belle: 

CPy-allowed) 


X 

y 

\iIp\ 


(U.ol ± U.oU_o 17)70 
(0.37 ± 0.25Iq 15)% 

0.86±0.30_oo9 
(-0.244 ±0.31 ±0.09) rad 


-0.007 1 -0.019Q -0.280 
-0.255a -0.019Q 1 -0.128q 
0.216 -0.280 -0.128Q 1 

(q = {\q/p\ + 1)2/2 is a 
transformation factor) 


> 


D°^K^Tr+Tr- [462] 

K°K+K- 
{BABm: no CPV) 


X 

V 


(0.16 ±0.23 ±0.12 ±0.08)% 
(0.57 ±0.20 ±0.13 ±0.07)% 


0.0615 




D°^K+£-i' [IMl 


R-M 


(0.0130 ± 0.0269)% 








x" 

y" 


(2.61 ±0.39)% 
(-0.061°:^^ ±0.34)% 


-0.75 








(0.1549 ± 0.2223)% 


1 -0.6217 -0.00224 0.3698 0.01567 




il;{3770)^DD 
(CLEOc) 


y 


(2.997 ± 2.293)% 
(0.4118 ±0.0948)% < 


1 0.00414 -0.5756 -0.0243 
1 0.0035 0.00978 


> 


2 s/R^, cos S 


(12.64 ±2.86)% 


1 0.0471 








2 ^/R^ sin 5 


(-0.5242 ± 6.426)% 


1 
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Table 163: D^^K+ir- observables used for the global fit, from Refs. [ii9lli50lH60] . 



Mode 



Observable 



Values 



Correlation coefHcients 



(BaBar) 



(BaBar) 



R 



D 
.'2+ 

■,'+ 



A 

X 

V 



D 
12- 



(0.303 ±0.0189)% 
(-0.024 ±0.052)% 
(0.98 ±0.78)% 

(-2.1 ±5.4)% 
(-0.020 ±0.050)% 
(0.96 ±0.75)% 



1 0.77 -0.87 
0.77 1 -0.94 
-0.87 -0.94 1 



same as above 



(Belle) 



R 

X' 



D 
'2+ 



,,'+ 



(0.364 ±0.018)% 
(0.032 ± 0.037)% 
(-0.12 ±0.58)% 



1 0.655 -0.834 
0.655 1 -0.909 
-0.834 -0.909 1 



(Belle) 


Ad 

y'- 


(2.3 ±4.7)% 
(0.006 ±0.034)% 
(0.20 ±0.54)% 


same as above 




Rjj 


(0.304 ± 0.055)% 


1 0.923 -0.971 




+ c.c. 




(-0.012 ±0.035)% 


0.923 1 -0.984 


1 


(CDF) 


y' 


(0.85 ±0.76)% 


-0.971 -0.984 1 





Table 164: Measurements of direct CPV^ from Refs. |471H475 ]. The parameter A(jp{f) is 
defined as [V{D^ ^ f) -V(p^ ^ f)]/[V{D^ ^ f) + V(D^ ^ f)]. 



Mode 


Observable 


Values 


A{t)/T 




AcpiK^ 


^K-) 


(0.00 ±0.34 ±0.13)% 





(babar) 


Acpi^^ 


-TT-) 


(-0.24 ±0.52 ±0.22)% 


D°^K+K-/7r+n- 


AcpiK^ 


^K-) 


(-0.43 ±0.30 ±0.11)% 





(BcUc) 


Acpi^' 




(0.43 ±0.52 ±0.12)% 


(LHCb 37 pb-i) 


Acp(K+K-)- 


Acp{TT+7:-) 


(-0.82 ±0.21 ±0.11)% 


0.0983 ± 0.00291 


D^^K+K-/tt+tt- 
(CDF 9.7 fb-i prelim.) 


Acp(K+K-) - 


Acp{TT+7:-) 


(-0.62 ±0.21 ±0.10)% 


0.26 ±0.01 


(CDF 5.9 fb-i not used) 


Acp{K- 
Acp{^^ 


^K-) 


(-0.24 ±0.22 ±0.09)% 
(0.22 ±0.24 ±0.11)% 


2.65 ±0.03 
2.40 ±0.03 
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Table 165: Left: decay modes used to determine fitted parameters y, 5, 5j^^^, R^, A^, \q/p\, 
and 0. Middle: the observables measured for each decay mode. Right: the relationships between 
the observables measured and the fitted parameters. 



Decay IVEode 


Observables 


Ftelationship 


D°^K+K-/TT+n- 


Vcp 


22/cp = (Is/pI + \p/q\)y cos (t>- 

{\q/p\ - \p/q\)xsm(f> 
2Ap = {\q/p\ - \p /q\)y cos (f>- 
(\n /t)\ -\- In/nl^ x sin ch 




X 

y 

\q/p\ 






Rm 


R^ = {x^+y^)/2 


D^^K+Tl-'K^ 

(Dalitz plot analysis) 


x" 
v" 


x" = X COS ^ + V sin 
?y" = ?ycosf^r^ — Tsin(5r^ 

y y '"'-'^ ^K-K-K ^^^^ ^KlTTT 


"Double-tagged" 
branching fractions 
measured in 
V'(3770) -^DD decays 


Rm 

y 

Rd 
^/S^cos 5 


RM = i^' + y')/^ 




x'\ y' 

y'+, y'- 


x' = X COS S + y sin 5 

y' = y cos 6 — x sin 5 

A,„ = (\q/p\^-\)/{\q/p\^ + l) 

x-'± = [(1±^m)/(1tAm)]1/^X 

{x' cos 4>±y' sin cj)) 
y'± = [(l±A^)/(lT^M)]'/'x 

{y' cos (p^x' sin (j)) 


(time- integrated) 


T{D°^K-'K+) + V(D°^K+ii-) 


Rd 

Ad 


D°^K+K-/iT+w- 
(time- integrated) 




A 1 (^) /I indirect / yl indirect ^ A \ 
+ -^CP \-^CP ~ ^r-' 
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Fi gure 64: Two-dimensional contours for theoretical parameters (3^125 Z/12) (^'^P l^ft), (3^125 012) 
(top right), and {1/12, 'Pu) (bottom), for no direct CPV. 
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1.5 



HF AG- charm 



CPV allowed 




x(% 



HF AG- charm 




0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 

lq/pl 



Figure 65: Two-dimensional contours for parameters {x,y) (top) and {\q/p\,(f)) (bottom), 
allowing for CPV. 
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Figure 66: The function Ax^ = ^Xmin fitted parameters x, y, 6, Sj^^^, \q/p\, and (j). The 
points where Ax^ = 3.84 (denoted by dashed horizontal fines) determine 95% C.L. intervals. 
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Table 166: Results of the global fit for different assumptions concerning CPV. 



Parameter 


No CPV 


No direct CPV 


CPy-allowed 


CPy-allowed 95% C.L. 


X (%) 


0.65 


0.62 ±0.19 


n f;o+0.19 


[0.24, 0.99] 


y{%) 


0.73 ±0.12 


0.75 ±0.12 


0.75 ±0.12 


[0.51, 0.98] 


6n 


21 0+^-^ 


99 9 +9.9 
zz.^ -11.2 


99 1 +9.7 
^^■^ -11.1 


[-2.6, 40.6] 


Rd (%) 


0.3307 ± 0.0080 


0.3305 ± 0.0080 


0.3311 ±0.0081 


[0.315, 0.347] 


Aj, (%) 






-1.7 ±2.4 


[-6.4, 3.0] 


\1/P\ 






0.88t0:l« 


[0.59, 1.26] 


<t>n 




-2.02 


-10.1 is^:^ 


[-27.4, 8.7] 




-17 0+21.7 
J-'.»_22.8 


iq 4+21.8 

J^f.'* -22.9 


1Q Q+21.8 
1».0 _22.9 


[-26.3, 61.8] 








0.36 ±0.25 


[-0.13, 0.86] 








-0.31 ±0.24 


[-0.78, 0.15] 


^12 (%) 




0.62 ±0.19 




[0.25, 0.99] 


2/12 (%) 




0.75 ±0.12 




[0.51, 0.98] 


<^i2r) 








[-8.4, 24.6] 
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Table 167: Individual contributions to the for the CPy-allowed fit. 



Observable 


x' Ex" 


Vcp 


2.61 2.61 
0.00 2.61 


^ifo^+^- Belle 
yifo^+„- Belle 
k/i'lifOTT+TT- Belle 
'^ifo„+^- Belle 


0.28 2.88 
1.65 4.54 
0.01 4.54 

0.51 5.05 


^K'^h^h- BABAR 
VKOh+h- BABAR 


2.97 8.02 
0.37 8.38 




0.09 8.48 


Xj^+^-^o BABAR 
Vk+^-^o BABAR 


5.71 14.19 
2.22 16.40 


CLEOc 

{x/y/Ru/ yjRjj cos (5/ ^jRj^ sin (5) 


7.28 23.68 


RDlx''^+/y'+ BABAR 
R-^jx'"^- ly'- BaBar 
R+/x''^+/y'+ Belle 
R-jjjx'"^- ly'- Belle 
Rj,/x'^/y' CDF 


2.34 26.02 
1.30 27.31 
4.12 31.44 

1.35 32.79 
0.39 33.17 


^i^xM.. Belle 
A^^M,, CDF 
^KK-^.. LHCb 


1.89 35.06 
0.12 35.18 
0.06 35.25 
0.37 35.62 
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8.2 Semileptonic decays 



8.2.1 Introduction 

Semileptonic decays of D mesons involve the interaction of a leptonic current with a hadronic 
current. The latter is nonperturbative and cannot be calculated from first principles; thus it is 
usually parameterized in terms of form factors. The transition matrix element is written 

M = -^^V,^L^H,, (187) 

where Gi;' is the Fermi constant and V^^ is a CKM matrix element. The leptonic current 
is evaluated directly from the lepton spinors and has a simple structure; this allows one to 
extract information about the form factors (in H^) from data on semileptonic decays |48U] . 
Conversely, because there are no final-state interactions between the leptonic and hadronic 
systems, semileptonic decays for which the form factors can be calculated allow one to deter- 
mine [2]. 



8.2.2 D^Piuf. decays 

When the final state hadron is a pseudoscalar, the hadronic current is given by 



{P{p)\qrcW)) = Uiq' 



(p' + pY 



ml - ml 



+ fo{q 



q' 



q^im 



where m^j and p' are the mass and four momentum of the parent D meson, mp and p are those 
of the daughter meson, f+{q^) and fo{q^) are form factors, and q = p' — p. Kinematics require 
that /+(0) = /o(0). The contraction q'^L^ results in terms proportional to m^ |481] . and thus 
for i = e the last two terms in Eq. (I188p are negligible. Considering that, only the f+{q^) form 
factor is relevant, the differential partial width is 



G%'\Vcq\^ 



dq^ d cos 6^ 327r^ 
where p* is the magnitude of the momentum of the final state hadron in the D rest frame. 
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8.2.3 Form factor parameterizations 

The form factor is traditionally parametrized with an explicit pole and a sum of effective poles: 

1 - a \^l - gV^oic/ ^ 1 - ?V(7fc"^poie) 

where and 7^ are expansion parameters. The parameter mpoie is the mass of the lowest-lying 
eg resonance with the appropriate quantum numbers; this is expected to provide the largest 
contribution to the form factor for the c — )■ g transition. For example, for D — )■ tt transitions 
the dominant resonance is expected to be D*, and thus m^^\^ = m^*. 

Simple pole 
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Equation f ll9Up can be simplified by neglecting the sum over effective poles, leaving only the 
explicit vector meson pole. This approximation is referred to as "nearest pole dominance" or 
"vector-meson dominance." The resulting parameterization is 

M^') = n ^^^2 V (191) 

(1 - gV"^pole) 

However, values of mpoie that give a good fit to the data do not agree with the expected vector 
meson masses [482j . To address this problem, the "modified pole" or Becirevic-Kaidalov (BK) 
parameterization [483] was introduced, m^oiel \/«bk is interpreted as the mass of an effective 
pole, higher than mpoie, thus it is expected that obk < 1- 
The parameterization takes the form 

iW) = w ^-r^- (192) 



(i-,7<J(,-.,,^) 



This parameterization has been used by several experiments to determine form factor pa- 
rameters. Measured values of m^^^^ and ^'^^ listed Tables 11681 and 11691 for D — ?■ Klun and 
D — > 7r£z/£ decays, respectively. 

z expansion 

Several groups have advocated an alternative series expansion around some value = to 
to parameterize 1480(14841 - 1486] . This expansion is given in terms of a complex parameter z, 
which is the analytic continuation of into the complex plane: 



2,N _ ^/t+-q^ - ^/t+-t(i 



<lMo) = ^7=^^7===^, (193) 

-q^ + Vt+ - to 

where t± = {rriD^mpY and to is the (arbitrary) q^ value corresponding to z = 0. The physical 
region corresponds to \z\ < 1. 

The form factor is expressed as 

where the P{q^) factor accommodates sub-threshold resonances via 



1 {D ^TX) 

z{q\Ml,) (D^K). 



nq^) - r.. .... (195) 



The "outer" function 4>{t,to) can be any analytic function, but a preferred choice (see, e.g. 
Refs. |484[l485il487] ) obtained from the Operator Product Expansion (OPE) is 



(f>{q^,to) = a (A/t+ - g2 + - U 



X 
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with a = y^vrmfTS. The OPE analysis provides a constraint upon the expansion coefficients, 
X^feLo^fc — 1- These coefficients receive l/Mo corrections, and thus the constraint is only ap- 
proximate. However, the expansion is expected to converge rapidly since \z\ < 0.051 (0.17) for 
K (D — )■ tt) over the entire physical range, and Eq. (1194^ remains a useful parameteri- 
zation. 

8.2.4 Experimental techniques and results 

Different techniques by several experiments have been used to measure D meson semileptonic 
decays with a pseudoscalar particle in the final state. The most recent results are provided by 
the Belle [IHH], BABAR [1H9] and CLEO-c [190], [M] collaborations. The BES III experiment 
has also reported preliminary results at the CHARM 2012 conference with 923 pb~^ [492] . The 
Belle experiment fully reconstruct the D events from the continuum under the T{4S) resonance, 
achieving a very good resolution (Ag^ = 15MeV'^) and low background level, but having a 
low efficiency. Using 282 fb~^, about 1300 and 115 signal semileptonic decays are isolated for 
each lepton flavour (e and fi). The BABAR experiment uses a partial reconstruction technique 
where the semileptonic decays are tagged through the D*^ — )■ D^tt^ decay. The D direction 
and neutrino energy is obtained using information of the rest of the event. With 75 fb~ 
74000 signal events in the — )• K~e~^i> mode are obtained. The measurement of the Cabibbo 
suppressed mode has not been published yet. This technique provides larger statistics but 
higher background level and poorer resolution (Ag^ ranges from 66 to 219 MeV"^). In this 
case the measurement of the branching fraction is obtained by normalizing to the D° — )■ K^n^ 
decay channel and can benefit from future improvements in the determination of this reference 
channel. The CLEO-c experiment uses two different methods to measure charm semileptonic 
decays. Tagged analyses [490] rely on the full reconstruction of \I'(3770) — )■ DD events. One of 
the D mesons is reconstructed in a hadronic decay mode, the other in the semileptonic channel. 
The only missing particle is the neutrino so the g^ resolution is very good and the background 
level very low. With the entire CLEO-c data sample, 818 pb~^, 14123 and 1374 signal events 
are reconstructed for the D° — >■ K~e~^i' and — > 7r~e"'"z/ channels, respectively, and 8467 and 
838 for the — )■ K e^v and — > 7r°e"'"z/ decays. Another technique without tagging the D 
meson in a hadronic mode ("untagged" in the following) has been also used by CLEO-c [491] . 
This method rests upon the association of the missing energy and momentum in an event with 
the neutrino four momentum, with the penalty of larger background as compared to the tagged 
method. 

Previous measurements were also performed by CLEO HI and FOCUS experiments. Events 
registered at the T{AS) energy corresponding to an integrated luminosity of 7 fb~^ were ana- 
lyzed by CLEO HI |493j . In the FOCUS fixed target photo-production experiment semilep- 
tonic events were obtained from the decay of a D*^ , and the kaon or pion was reconstructed 
in the muon channel. 

Results of the hadronic form factor parameters by the different groups are given in Tables 
11681 and 11691 for rupoie and a bk ■ 

The 2r-expansion formalism has been used by BABM. [189] and CLEOc ^90] . [i9T] . BES HI 
has also shown preliminary results |492] . Their fits used the first three terms of the expansion, 
and the results for the ratios ri = Oi/ao and r2 = a2/ao are listed in Tables [T70] and [TTTl The 
CLEO HI |493j and FOCUS |494j results listed are obtained by refitting their data using the 
full covariance matrix. The BABAR correlation coefficient listed is obtained by refitting their 
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Table 168: Results for mpoie and obk from various experiments for D° — > K~i'^v and 
Ksi'^i' decays. The last entry is a lattice QCD prediction (errors have been increased as 
compared to the publication to take into account remaining systematic uncertainties in Lattice 
calculations, as advised by the authors). 



D Kiue Expt. 


Ref. 


mpoie (GeV/c^) 


"bk 


CLEO III 


|493| 


1.89 ± 0.05+^:^1 


0.36 ±0.10+^:^^ 


FOCUS 


|494| 


1.93 ±0.05 ±0.03 


0.28 ±0.08 ±0.07 


Belle 


|488| 


1.82 ±0.04 ±0.03 


0.52 ±0.08 ±0.06 


BABAR 


|48y| 


1.889 ±0.012 ±0.015 


0.366 ±0.023 ±0.029 


CLEO-c (tagged) 


|490| 


1.93 ±0.02 ±0.01 


0.30 ±0.03 ±0.01 


CLEO-c (untagged, 


|491| 


1.97 ±0.03 ±0.01 


0.21 ±0.05 ±0.03 


CLEO-c (untagged, D+) 


|491j 


1.96 ±0.04 ±0.02 


0.22 ±0.08 ±0.03 


BESIII (prel) 


[452] 


1.943 ± 0.025 ± 0.003 


0.265 ±0.045 ±0.006 


Fermilab lattice/MILC/HPQCD 


|495j 




0.50 ±0.04 ±0.07 



Table 169: Results for mpoie and obk from various experiments for D — )• 7t~£^u and 
— )■ 7r^£~^i> decays. The last entry is a lattice QCD prediction (errors have been increased as 
compared to the publication to take into account remaining systematic uncertainties in Lattice 
calculations, as advised by the authors). 



D — > niui Expt. 


Ref. 


mpoie (GeV/c^) 


"BK 


CLEO III 
FOCUS 


|493| 
|494| 


1 of^+U.iU+U.UV 

-'-■o'J-o.oe-o.os 
1.9ll|5:?^ ± 0.07 




Belle 


|488| 


1.97 ±0.08 ±0.04 


0.10 ±0.21 ±0.10 


CLEO-c (tagged) 


|490| 


1.91 ±0.02 ±0.01 


0.21 ±0.07 ±0.02 


CLEO-c (untagged, D^) 


|491| 


1.87 ±0.03 ±0.01 


0.21 ±0.05 ±0.03 


CLEO-c (untagged, D+) 


|491j 


1.97 ±0.07 ±0.02 


0.22 ±0.08 ±0.03 


BESIII (prel) 


P2] 


1.876 ±0.023 ±0.004 


0.315 ±0.071 ±0.012 



Fermilab lattice/MILC/HPQCD jl95] - 0.44 ± 0.04 ± 0.07 



published branching fraction using their published covariance matrix. 

These measurements correspond to using the standard outer function (f){q'^,to) of Eq. fll96p 
and to = t+ (^^ — a/1 — t^/tj^ . This choice of tg constrains \z\ to vary between -^Zmax. 

Tables 11701 and 11711 also list average values for ri and r2 obtained from a 3D fit, taking 
the full correlations between |Vcg|/+(0), ri and r2 into account, to CLEO III, FOCUS, BABAR, 
CLEO-c, and BES III data. Only the channels are entering in the fit. The fit is constrained 
by the branching fractions measured at Belle [488j . 

In the values quoted in Tables [T68] and [T70l the effect of radiative events has been taken into 
account slightly modifying the values from BABAR by correcting the numbers given in Tab. Ill 
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Table 170: Results for ri and r2 from various experiments, for D — )■ Kiug. The correlation 
coefficient listed is for the total uncertainties (statistical © systematic) on and rg. 



Expt. D Kiue 


mode 


Ref. 


ri 


r2 


P 


CLEO 111 




|493| 


n o+3.t) 


_oq+iu4 


-0.99 


FOCUS 




|494| 


-2.54 ± 0.75 


7± 13 


-0.97 


rSAtSAR 






O rr 1 n o 1 n o 
— Z.O ± U.Z ± U.Z 


O 1 n 1 rr n 
Z.O ± D.U ± b.U 


-U.D4 


CLEO-c (tagged) 


D° K~ 


|490j 


-2.65 ±0.34 ±0.08 


13±9± 1 


-0.82 


CLEO-c (tagged) 


D+ ^K^ 


|490| 


-1.66 ±0.44 ±0.10 


-14± 11 ± 1 


-0.82 


CLEO-c (untagged) 


D° K- 


|491j 


-2.4 ±0.4 ±0.1 


21 ± 11 ± 2 


-0.81 


CLEO-c (untagged) 




|491j 


-2.8 ±6 ±2 


32 ± 18 ± 4 


-0.84 


BES 111 






-2.18 ±0.36 ±0.05 


5±9±1 




Combined 






-2.39 ±0.17 


6.2 ±3.8 


-0.82 



Table 171: Results for ri and r2 from various experiments, for D — )■ Triu^. The correlation 
coefficient listed is for the total uncertainties (statistical © systematic) on and rg. 



Expt. D n 




mode 


Ref. 


ri 


r2 


P 


CLEO-c (tagg 


;ed) 


^71 + 


|490| 


-2.80 ±0.49 ±0.04 


6±3± 


-0.94 


CLEO-c (tagg 


;ed) 




|490| 


-1.37 ±0.88 ±0.24 


-4 ± 5± 1 


-0.96 


CLEO-c (untag 


;ged) 




|491| 


-2.1 ±0.7 ±0.3 


-1.2 ±4.8 ±1.7 


-0.96 


CLEO-c (untag 


;ged) 




|491| 


-0.2 ± 1.5 ±0.4 


-9.8 ±9.1 ±2.1 


-0.97 


BES 111 






|492| 


-2.73 ±0.48 ±0.08 


4±3± 1 




Combined 








-2.69 ±0.32 


4.18 ±2.16 


-0.95 



of Ref. |489] by the shifts quoted in the last column of Tab. IV given in Ref. |489] . 

The x^/d.o.f of the combined fits are 16/22 and 6.2/10 for D° K^i^ue and Tr^^+i/^, 
respectively. The correlation matrices are given in Tables 11721 and 11731 



8.2.5 D^Viug decays 

When the final state hadron is a vector meson, the decay can proceed through both vector and 
axial vector currents, and four form factors are needed. The hadronic current is = + A^, 
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Table 172: Correlation matrix for the combined fit for the D'^ — )• vr i'^i'i channel 







ri 


r2 


\Vc,\fm 


1.000 


-0.446 


0.672 


ri 


-0.446 


1.000 


-0.946 


r2 


0.672 


-0.946 


1.000 



Table 173: Correlation matrix for the combined fit for the K l^vi channel 





\Vcs\n{Q) 


ri 


r2 


1^.1/^(0) 


1.000 


-0.088 


0.433 


ri 


-0.088 


1.000 


-0.824 


r2 


0.433 


-0.824 


1.000 



where |481] 



{V{p,e)\qi^c\D{p')) 



rriD + my 



^fii/pa^ P ^P 



(197) 



= {Vip,e)\~qYl'c\Dip') 



+ I 



i{mD + mv)Ai{q^)e*^ 
A2{q'' 



[e* ■q){p' +p)^ 



mo + my 

+ I ^ {A,{q') - A,{q')) [e* ■ ip' + p)]q, .(198) 



In this expression, my is the daughter meson mass and 



MQ ) n ) 



2my 2my 
Kinematics require that ^3(0) = Aq{0). The differential partial width is 



dq^ d cos 6 1 



1287r3m2)^ ^ 



[1 — cos 6*/ 



'1 + cos 



+ sin^^^liJol 



where and are helicity amplitudes given by 

1 



Ho 



rriD + my 



[{mD + myYAiiq^) T 2mj^p*V{q' 



m 



D 



\q\ 2my{mD + my) 



X 



my — q 



m 



D 



{mD + myfAi{q'^) - Ap*'^A2{q'^) 
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(199) 



(200) 



(201) 



(202) 



Table 174: Results for the form factor normalization /:f^(0)|V^s| and f^{0)\Vcd\- Results from 
the different collaborations have been corrected, if needed, using values from PDG 2010. Prior 
to 2006, and apart for BESII, experiments measure the ratio {f^{0)\Vcd\/ {0)\Vcs\y ■ Corre- 
sponding values given in this Table for /+(0)|Krf| are obtained by assuming that /:^(0)|K:s| = 
0.714 ±0.009. Results of the combined fit include measurements from 2006 and later for experi- 
ments measuring /+(0)|\4g|, ri and r2. Results of CLEO (2008) (untagged) only refer to the 
channel. Results from LQCD are given in the last line [496] [497J . Results quoted for LQCD are 
obtained by multiplying the values computed for /_f^(0) and /+(0) from lattice by \Vcs\ = 0.9729 
and \ Vcd\ = 0.2253 respectively. These values of |K<i((i)| correspond to present estimates assum- 
ing the unitarity of the CKM matrix. Values entering in the combination explained before are 
marked with a *. 













E691 (1989) 




[498J 


0.69 ±0.05 ±0.05 




CLEO (1991) 




[499] 






CLEOII (1993) 




[500J 


0.76 ±0.01 ±0.04 




CLEOII (1995) 




|501| 




0.163 ±0.031 ±0.011 


E687 (1995) 




|502| 


0.69 ±0.03 ±0.03 




E687 (1996) 




[503] 




0.160 ±0.018 ±0.004 


BESII (2004) 




[504J 


0.78 ±0.04 ±0.03 


0.164 ±0.032 ±0.014 


CLEOIII (2005) * 




[493^ 




n 1 'iQ+OOll +0.009 
U.iOJ_Q Q^3 _o,o06 


FOCUS (2005) 




|494j 




0.137 ±0.008 ±0.008 


Belle (2006) * 




[488] 


0.692 ±0.007 ±0.022 


0.140 ±0.004 ±0.007 


BABAR (2007) * 




[489J 


0.720 ±0.007 ±0.007 




CLEO-c (2008)(untagg 


ed) * 


[49 IJ 


0.747 ±0.009 ±0.009 


0.139 ±0.007 ±0.003 


CLEO-c (2009) (tagge 


d) * 


[490J 


0.719 ±0.006 ±0.005 


0.150 ±0.004 ±0.001 


BESIII (2012) (prel.) 


* 


[492J 


0.729 ±0.008 ±0.007 


0.144 ±0.005 ±0.002 


Combined fit 






0.728 ±0.005 


0.146 ±0.003 


HPQCD 




[497] [496] 


0.727 ±0.018 


0.150 ±0.007 



p* is the three-momentum of the Kt: system, measured in the D rest frame. The left-handed 
nature of the quark current manifests itself as [if_[ > [-ff+[. The differential decay rate for 
D — )■ Vlv followed by the vector meson decaying into two pseudoscalars is 



dV{D^Vlv,V^P,P,) ^ 3Gl , p*{q')q' ^ 
dq^ d cos Ovd cos Oedx 204871^' ^ ^ 



{(I±cos0,)2sin2 dy\H^{q^)\^ 
± (l-cos^,)2sin2^y[i7_(g2)[2 

± 4sin^^^cos2^y[i/o(g^)|^ 
± 4 sin Qii{\ ± cos B() sin Qy cos dy cos xH+{q^)Ho{q^) 

— 4 sin 9p(l- — rtr^a fl„\ cin fl, , rr^a ft, , nr\i^ 



' ^ ^ J V V "-^-^/v rv^ / — uv^ / 

sin 6*^(1 — cos 6^) sin 6y cos 9y cos xH- {q'^)Ho{q'^) 
2sm^ e^sm^ Oy cos2xH+{q^)H_{q^)] , (203) 
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where the angles 6'^, 6y, and x are defined in Fig. [HSl 

Ratios between the values of the hadronic form factors expressed at = are usually 
introduced: 

rv = r(0)Mi(0), r2 = A2(0)Mi(0) . (204) 

Table 11751 lists measurements of ry and r2 from several experiments. Most of measurements 
assume that the dependence of hadronic form factors is given by the simple pole anzats. The 
measurements are plotted in Fig. [69] which shows that they are all consistent. 

Table 175: Results for ry and r2 from various experiments. 



Experiment 


Ref. 


rv 


r2 


— !■ K ru 








E691 


|505| 


2.0± 0.6± 0.3 


0.0± 0.5± 0.2 


E653 


|506| 


2.00± 0.33± 0.16 


0.82± 0.22± 0.11 


E687 


|507| 


1.74± 0.27± 0.28 


0.78± 0.18± 0.11 


E791 (e) 


|5()8| 


1.90± 0.11± 0.09 


0.71± 0.08± 0.09 


E791 (/i) 


|5()9| 


1.84±0.11±0.09 


0.75±0.08±0.09 


Beatrice 


|510| 


1.45± 0.23± 0.07 


1.00± 0.15± 0.03 


FOCUS 


|511| 


1.504±0.057±0.039 


0.875±0.049±0.064 










FOCUS 


|512| 


1.706±0.677±0.342 


0.912±0.370±0.104 


BABAR 


|513| 


1.493 ±0.014 ±0.021 


0.775 ±0.011 ±0.011 


D+ e+z/ 








BABAR 


|514| 


1.636±0.067±0.038 


0.705±0.056±0.029 


D°,D+ ^ peu 








CLEO 


|515| 


1.40±0.25±0.03 


0.57±0.18±0.06 



8.2.6 5'-wave component 

In 2002 FOCUS reported |516j an asymmetry in the observed cos(^y) distribution. This is 
interpreted as evidence for an S'-wave component in the decay amplitude as follows. Since Hq 
typically dominates over H±, the distribution given by Eq. f l203p is, after integration over x, 
roughly proportional to cos^^y Inclusion of a constant S'-wave amplitude of the form Ae^^ 
leads to an interference term proportional to | AHq sin 6e cos By \ ; this term causes an asymmetry 
in cos(6'y). When FOCUS fit their data including this S'-wave amplitude, they obtained A = 
0.330 ± 0.022 ± 0.015 GeV^^ and S = 0.68 ± 0.07 ± 0.05 [5TT] . 

More recently, both BABAR |514j and CLEO-c |517j have also found evidence for an /q 
component in semileptonic decays. 

8.2.7 Model-independent form factor measurement 

Subsequently the CLEO-c collaboration extracted the form factors H^{q^), H_{q^), and Ho^q^) 
in a model-independent fashion directly as functions of q^ |518] and also determined the S'-wave 
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form factor holq'^) via the interference term, despite the fact that the Kn mass distribution 
appears dominated by the vector K*{892) state. Their results are shown in Figs. [7T] and [701 
Plots in Fig. [71] clearly show that Ho{q'^) dominates over essentially the full range of g^, but 
especially at low g^. They also show that the transverse form factor Ht{q^) (which can be 
related to ^3(1?^) is small (compared to Lattice Gauge Theory calculations) and suggest that 
the form factor ratio = A^{Q)/Ai{Q) is large and negative. 

The product Hoi^q^) x hoi^q"^) is shown in Fig. [701 and clearly indicates the existence of /io('?^), 
although it seems to fall faster with than HQ{q'^). The other plots in that figure show that 
D- and F-wave versions of the S'-wave holq"^) are not significant. 

8.2.8 Detailed measurements of the — )• vr+e+z/e decay channel 

BABAR |513] has selected a large sample of 244 x 10^ signal events with a ratio S/B ^ 2.3 
from an analyzed integrated luminosity of 347 fb~^. With four particles emitted in the final 
state, the differential decay rate depends on five variables. In addition to the four variables 
defined in previous sections there is m^, the mass squared of the Ktt system. Apart for this 
last variable, the reconstruction algorithm does not provide a high resolution on the other 
measured quantities and a multi-dimensional unfolding procedure is not used to correct for 
efficiency and resolution effects. Meanwhile these limitations still allow an essentially model 
independent measurement of the differential decay rate. This is because, apart for the q^ and 
mass dependence of the form factors, angular distributions are fixed by kinematics. In addition, 
present accurate measurements of D Pii^i decays have shown that the q^ dependence of 
the form factors can be well described by several models as long as the corresponding model 
parameter(s) are fitted on data. This is even more true in D — >■ VJui decays because the 
range is reduced. To analyze the — )■ i^~7r+e"'"z/e decay channel it is assumed that all form 
factors have a g^ variation given by the simple pole model and the effective pole mass value, 
rriA = (2.63 ± 0.10 ± 0.13) GeV/c^, is fitted for the axial vector form factors. This value is 
compatible with expectations when comparing with the mass of = charm mesons. Data 
are not sensitive to the effective mass of the vector form factor for which my = (2.1 ±0.1) GeV/ 
is used, nor to the effective pole mass of the scalar component for which is used. For the 
mass dependence of the form factors, a Breit-Wigner with a mass dependent width and a Blatt- 
Weisskopf damping factor is used. For the S-wave amplitude, considering what was measured 
in — )■ K'TT^TT^ decays, a polynomial variation below the ^^0(1430) and a Breit-Wigner 
distribution, above are assumed. For the polynomial part, a linear term is sufficient to fit data. 

It is verified that the variation of the S-wave phase is compatible with expectations from 
elastic i^vr scattering, according to the Watson theorem. At variance with elastic scattering, 
a negative relative sign between the S- and P-waves is measured; this is compatible with the 
previous theorem. In Fig. [721 the measured S-wave phase is compared with the phase of the 
elastic, / = 1/2, Ktt elastic phase for different values of the Kt: mass. 

Contributions from other resonances decaying into K~t:^ are considered. A small signal 
from the K (1410) is observed, compatible with expectations from r decays and this component 
is included in the nominal fit. In total, 11 parameters are fitted in addition to the total number 
of signal events. They give a detailed description of the differential decay rate versus the 5 
variables and corresponding matrices for statistical and systematic uncertainties are provided 
allowing to evaluate the compatibility of data with future theoretical expectations. 

In Fig. [73] are compared measured values from CLEO-c of the products q^Hl{q^) and 
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q'^ho{q'^)Ho[q'^) with corresponding results from BABAR illustrating the difference in behaviour 
of the scalar ho component and the helicity zero Hq P-wave form factor. For this comparison, 
plotted values from BABAR for the two distributions are equal to 1 at = 0. The different 
behaviour of hoi^q^) and Ho^q^) can be explained by they different dependence in the p* variable. 
Results of this analysis for the rates and few characteristics for S, P and D-waves are given in 
Table [HSl 

Table 176: Detailed determination of the properties of the — )■ K^-K^e^Ve decay channel 
from BABAR. Values for B{D+ K (1410)7Z2(1430)°e+ Ve) are corrected for their respective- 
branching fractions into K^ti^ . 



Measurement BaBAR result 

m;^* (892)0 ( MeV/c^) 895.4 ±0.2 ±0.2 

^K*{s92)o ( MeV/c^) 46.5 ± 0.3 ± 0.2 

rBw{ GeV/c)-^ 2.1 ±0.5 ±0.5 

ry 1.463 ±0.017 ±0.031 

ra 0.801 ±0.020 ±0.020 

mA{ GeV/c^) 2.63 ± 0.10 ± 0.13 

B{D+ K-TT+e+Ue){%) 4.04 ± 0.03 ± 0.04 ± 0.09 

B{D+ K-n+e+Ue)j^*o (%) 3.80 ± 0.04 ± 0.05 ± 0.09 

B{D+ ^ K-7r+e+u^)s-^a,avei%) 0.234 ± 0.007 ± 0.007 ± 0.005 

B{D+ Z*(1410)°e+z/e)(%) 0.30 ± 0.12 ± 0.18 ± 0.06 (< 0.6 at 90% C.L.) 
B{D+ Kllu30)°e+Ue)l%) 0.023 ± 0.011 ± 0.011 ± 0.001 (< 0.05 at 90% C.L. 
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Figure 67: The — K e^v (left) and — tt e^v (right) 68% CL. error elhpses from the 
average fit of the 3-parameter 2;-expansion results. 
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Figure 70: Model-independent form factors hQ{q^) measured by CLEO-c [518] . 
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8.3 CP asymmetries 



CP violation occurs if the decay rate for a particle differs from that of its CP-conjugate [520] . 
In general there are two classes of CP violation, termed indirect and direct |521] . Indirect 
CP violation refers to AC = 2 processes and arises in decays due to D^-D^ mixing. It 
can occur as an asymmetry in the mixing itself, or it can result from interference between a 
decay amplitude arising via mixing and a non-mixed amplitude. Direct CP violation refers to 
AC = 1 processes and occurs in both charged and neutral D decays. It results from interference 
between two different decay amplitudes (e.g., a penguin and tree amplitude) that have different 
weak (CKM) and strong phased- A difference in strong phases typically arises due to final- 
state interactions (FSI) [5^ . A difference in weak phases arises from different CKM vertex 
couplings, as is often the case for spectator and penguin diagrams. 



The CP asymmetry is defined as the difference between D and D partial widths divided by 
their sum: 

_ T{D) - T{D) 
"^^^ - nD) + T(D)- 

However, to take into account differences in production rates between D and D (which would 
affect the number of respective decays observed), experiments usually normalize to a Cabibbo- 
favored mode. In this case there is the additional benefit that most corrections due to ineffi- 
ciencies cancel out, reducing systematic uncertainties. An implicit assumption is that there is 
no measurable CP violation in the Cabibbo-favored normalizing mode. The CP asymmetry is 
calculated as 

viD)+v{D)' 

where (considering, for example, — K^K^) 

, , N(D^ K-K+) , , 

viD) = TTTT^TT-T^— TT > (207) 



_ N(D^ ^ K-K+) , , 

V{D) = -— (208) 



N(D^ K-K 
N{D^ K+TT- 

In the case of and decays, A^p measures direct CP violation; in the case of decays, 
Aqp measures direct and indirect CP violation combined. Values of A^p for D^, and D 
decays are listed in Tables 1177^ 11781 and 11791 respectively. 



■^^The weak phase difference will have opposite signs for I? — > / and D — > / decays, while the strong phase 
difference will have the same sign. As a result, squaring the total amplitudes to obtain the decay rates gives 
interference terms having opposite sign, i.e., non-identical decay rates. 
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Table 177: CP asymmetries A^p = [r(L'+) - r{D-)]/[r{D+) + T{D-)] for decays. 



Mode 


Year 


Collaboration 


4 


D+ ^l+v> 


2008 


CLEOc [513] 


+0.08 ±0.08 


D+ 7r+7r° 


2010 


CLEOc [523 


+0.029 ± 0.029 ±0.003 


D+ — )■ 7r+T7 


2010 


CLEOc [524j 


-0.020 ± 0.023 ±0.003 


D+ TV + T]' 


2010 


CLEOc [524J 


-0.040 ±0.034 ±0.003 


D+ K+Tr° 


2010 


CLEOc [523 


-0.035 ±0.107 ±0.009 


D+ Ky+ 


2011 


BABAR |525j 


-0.0044 ±0.0013 ±0.0010 




2010 


Belle [526] 


-0.0071 ±0.0019 ± 0.0020 




2010 


CLEOc |524j 


-0.013 ±0.007 ±0.003 




2002 


FOCUS |527j 


-0.016 ±0.015 ±0.009 






COMBOS average 


-0.0054 ±0.0014 


D+ K°K+ 


2010 


Belle |526j 


-0.0016 ± 0.0058 ± 0.0025 




2010 


CLEOc (524| 


-0.002 ±0.015 ±0.009 




2002 


FOCUS (527j 


+0.071 ±0.061 ±0.012 






COMBOS average 


-0.0010 ± 0.0059 




1997 


E791 [528j 


-0.017 ± 0.042 (stat.) 


D+ K-7T + 7T + 


2010 


CLEOc [524J 


-0.001 ±0.004 ±0.009 


D+ K°Tr+n° 


2007 


CLEO-c [529j 


+0.003 ±0.009 ±0.003 


D+ K+K-TV+ 


2008 


CLEO-c [530] 


-0.0003 ±0.0084 ± 0.0029 




2005 


BaBAR [531] 


+0.014 ±0.010 ±0.008 




2000 


FOCUS [532] 


+0.006 ±0.011 ±0.005 




1997 


E791 [555] 


-0.014 ± 0.029 (stat.) 




1994 


E687 [533] 


-0.031 ±0.068 (stat.) 






COMBOS average 


+0.0039+0.0061 


D+ K-7V + 7V + TT° 


2007 


CLEOc [529] 


+0.010 ±0.009 ±0.009 


D+ K°TZ + TV+TV- 


2007 


CLEOc [529] 


+0.001 ±0.011 ±0.006 


D+ K°K+Tv+7v- 


2005 


FOCUS [534] 


-0.042 ±0.064 ±0.022 
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Table 178: CP asymmetries A^p = [T{D'^) - T{D^)]/[T{D^) + r(DO)] for D^D^ decays. 



Mode 


Year 


Collaboration 






2012 
2008 
2008 
2002 
2000 
1998 


CDF [S35] 
Belle |472j 
BaBar [471] 
CLEO |467j 
FOCUS 
E791 15361 
COMBOS average 


+0.0022 ± 0.0024 ± 0.0011 
+0.0043 ± 0.0052 ± 0.0012 
-0.0024+ 0.0052 + 0.0022 
+0.019+ 0.032 + 0.008 
+0.048+0.039 + 0.025 
-0.049+0.078 + 0.030 
+0.0020+ 0.0022 




2001 


CLEO 1533 


+0.001 + 0.048 (stat. and syst. combined) 




2011 
2001 


Belle [S3S] 
CLEO |537! 
COMBOS average 


-0.0028+0.0019 + 0.0010 
+0.001 + 0.013 (stat. and syst. combined) 
-0.0027+ 0.0021 


D° K°T] 


2011 


Belle [538j 


+0.0054+0.0051 + 0.0016 


D° K°T]' 


2011 


Belle [538J 


+0.0098+0.0067+0.0014 


D° K°K° 


2001 


CLEO [537] 


—0.23 + 0.19 (stat. and syst. combined) 


D° K+K- 


2012 
2008 
2008 
2002 
2000 
1998 
1995 
1994 


CD1-' |535j 

Belle |472j 
BaBar |471j 
CLEO |467| 
FOCUS |532j 

E791 |536j 
CLEO |539] 

E687 [S33] 
COMBOS average 


-0.0024+0.0022 + 0.0009 
-0.0043+0.0030+0.0011 
+0.0000 + 0.0034 + 0.0013 
+0.000+ 0.022 + 0.008 
-0.001 + 0.022 + 0.015 
-0.010+0.049 + 0.012 
+0.080+0.061 (stat.) 
+0.024+0.084 (stat.) 
-0.0023+0.0017 




2008 
2008 
2005 


BABAR |540j 
Belle [541] 
CLEO |542j 
COMBOS average 


-0.0031 + 0.0041 + 0.0017 
+0.0043+0.0130 
+0.001 1^;^^ + 0.05 
-0.0023+ 0.0042 




2007 
2001 


CLEOc |529j 
CLEO 15431 
COMBOS average 


+0.002 + 0.004 + 0.008 
-0.031 + 0.086 (stat.) 
+0.0016+0.0089 


D° K+7V-TV° 


2005 
2001 


Belle |544j 
CLEO |545j 
COMBOS average 


-0.006+0.053 (stat.) 
+0.09t!];22 (stat.) 
-0.0014+0.0517 




2004 


CLEO [546 


-0.009 + 0.0211^:^57 


D° K+K-TT° 


2008 


BABAR [540J 


0.0100 + 0.0167+ 0.0025 


D° K+n-TT+TT- 


2005 


Belle [544J 


-0.018+0.044 (stat.) 


D° K+K-TT+TT- 


2005 


FOCUS 


-0.082 + 0.056+ .047 
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Table 179: CP asymmetries A^p = [T{D+) - r{D;)]/[r{D+) + r{D;)] for Df decays. 



Mode 


Year 


Collaboration 




3 ' 


2009 


CLEOc iMIj 


+0.048 ±0.061 


— )■ TT+ry 

s ' 


2010 


CLEOc (5531 


-0.046 ± 0.029 ±0.003 


D+ n+n' 

S ' 


2010 


CLEOc 


-0.061 ±0.030 ±0.003 


Dt ^ Ky+ 


2010 


Belle |526j 


+0.0545 ± 0.0250 ±0.0033 




2010 


CLEOc |524j 


+0.163 ±0.073 ±0.003 






COMBOS average 


+0.066 + 0.024 


D+ K+7z° 


2010 


CLEOc [524j 


+0.266 ± 0.228 ±0.009 


D+ K+r] 


2010 


CLEOc [524J 


+0.093 ±0.152 ±0.009 


D+ K+r]' 


2010 


CLEOc [521 


+0.060 ±0.189 ±0.009 


D+ ^ K+K° 


2010 


Belle [526! 


+0.0012 ± 0.0036 ± 0.0022 




2010 


CLEOc |524j 


+0.047 ±0.018 ±0.009 






COMBOS average 


+0.0031 + 0.0041 


D+ — )■ TT + TT + TT" 


2008 


CLEOc [548j 


+0.020 ±0.046 ±0.007 


D+ K+TZ + TV- 


2008 


CLEOc [548J 


+0.112 ±0.070 ±0.009 


D+ K+K-TT+ 


2008 


CLEOc [51H] 


+0.003 ±0.011 ±0.008 


D+ K°K-TT+7T + 


2008 


CLEOc [548J 


-0.007± 0.036 ±0.011 


D+ K+K-TT+Tr° 


2008 


CLEOc [51S] 


-0.059 ± 0.042 ±0.012 
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8.4 T-violating asymmetries 



T-violating asymmetries are measured using triple-product correlations and assuming the va- 
lidity of the CPT theorem. Triple-product correlations of the form a ■ {b x c), where a, b, and 
c are spins or momenta, are odd under time reversal (T). For example, for — > K'^K~tt^7i^ 
decays, Ct = ■ (p7r+ x p^-) changes sign (i.e., is odd) under a T transformation. The 
corresponding quantity for is Ct = P^- ■ {Pn- x Ptt+)- Defining 

Ar = r(c-.>0)-r(c.<0) ^^^^ 



T{Ct > 0) + T{Ct < 0) 



for decay and 



_ r(-c.>o)-r(-c,<o) 

r(-Cr > 0) + r(-CT < 0) ^ ^ 

for D° decay, in the absence of strong phases either Aj. or Aj, ^ indicates T violation. 
In these expressions the F's are partial widths. The asymmetry 

At - At , , 

^Tvioi = % (211) 

tests for T violation even with nonzero strong phases (see Refs. |549H553j ). Values of ^Tvioi for 
some D^, D^, and decay modes are listed in Table fTSOl 

Table 180: T-violating asymmetries Aj,^^^^ = {At — At)/2. 



Mode 


Year 


Collaboration 


4 

viol 


D° K+K-Tv+Tv- 


2010 
2005 


BABAR |554j 
FOCUS (534j 
COMBOS average 


+0.0010 ± 0.0051 ±0.0044 
+0.010 ± 0.057 ±0.037 
+0.0011 + 0.0067 


D+ K°K+Tv+Tz- 


2010 
2005 


BABAR |555j 
FOCUS |534j 
COMBOS average 


-0.0120+0.0100+0.0046 
+0.023+ 0.062 + 0.022 
-0.0110+0.0109 


D+ K°K+Tv+7v- 


2010 
2005 


BABAR |555j 
FOCUS |534j 
COMBOS average 


-0.0136+ 0.0077+ 0.0034 
-0.036+ 0.067+ 0.023 
-0.0139+0.0084 
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8.5 World average for the decay constant f^^ 

The Heavy Flavor Averaging Group has used measurements of the branching fractions B{D^ — t- 
H+iy) [5i71[556l[557j and B{Df^T+iy) [5i71[556ti560] from Belle, BAR4R, and CLEO to calculate 
a world average (WA) value for the Df decay constant /d^. We do not use older results from 
the ALEPH [MI], BEATRICE OPAL and L3 [5Blj experiments as the errors are 

large and these measurements have some unknown systematic errors. 
The value for Jd^ is calculated using the formula 



GJVJmA 1 - 




(212) 



where = /i"*" or r^. For B{Df ^i^u) we use the WA values obtained below. The error on f^^ 
is calculated as follows: values for variables on the right-hand-side of Eq. fl212p are sampled from 
Gaussian distributions having mean values equal to the central values and standard deviations 
equal to their respective errors. The resulting values of are plotted, and the r.m.s. of 
the distribution is taken as the ilex errors on f^^. The procedure is done separately for 
B{D^ ^ji^u) and i3(D+ — )■ r+z/); the resulting two values for f^^ are averaged together using 
COMBOS [SBS], which accounts for correlations such as the values of |V^^|, , and useccll 
in Eq. fl2T2|l . The resuh is plotted in Fig. El The WA value is 

fo^ = 255.6 ±4.2 MeV, (213) 

where the statistical and systematic errors are combined. 

The WA value for B{Df^fi+iy) is calculated from CLEOc [5l7|, Belle [557], and BABAR [556J 
measurements of absolute branching fractions. These measurements are not normalized to 

—7- 07r+ decays as was done for earlier measurements, and thus they do not have uncertainties 
due to the non-resonant D'^ — )■ K~^K~7r~^ contribution. All input values and the result are 
plotted in Fig. [751 The WA value is B{D+^fi+u) = (0.554 ± 0.024)%. 

The WA value for B{D^ ^t~^i>) is also calculated from CLEOc, Belle, and BABAR measure- 
ments. CLEOc made separate measurements for ^e~^i>V [559], r+— j-tt+z/ |547j . and — )■ 
p'^u |558] : BABAR made separate measurements for r+— J-yU+z/z/ [556] and r+— T-e+z/I/ [55611560] : 
and Belle made separate measurements for — )■ fi'^uV, —^e'^uV, and r+ — t-tt+z/ [557] . All in- 
put values and the result are plotted in Fig. [761 The WA value is i3(L'+^e+z/) = (5.44±0.22)%. 



"^These values (taken from the PDG [I^) are \VJ = 0.973A5tomaih ^"r = (1.77682 ± 0.00016) GeV/c^; 



(1.96847 ± 0.00033) GeV/c^; and = (500 ± 7) x lO^^^ 
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Figure 74: WA value for fu^. For each measurement, the first error hsted is the total uncor- 
related error, and the second error is the total correlated error (mostly from ). 
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Figure 75: WA value for B{D^ fi^u), as calculated from Refs. |547[I556[I557] . When two 
errors are listed, the first one is statistical and the second is systematic. 
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Figure 76: WA value for B{D^ — )■ r+z/), as calculated from Refs. |547il556fl560j . When two 
errors are listed, the first one is statistical and the second is systematic. 
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8.6 Two-body hadronic decays and final state radiation 

Branching fractions measurements for — > K^n^, — )■ tt+tt^ and — t- K^K^ have 
reached sufficient precision to allow averages with (9(1%) relative uncertainties. At these preci- 
sions, Final State Radiation (FSR) must be treated correctly and consistently across the input 
measurements for the accuracy of the averages to match the precision. The sensitivity of mea- 
surements to FSR arises because of a tail in the distribution of radiated energy that extends to 
the kinematic limit. The tail beyond ^ 30 MeV causes typical selection variables like the 
hadronic invariant mass to shift outside the selection range dictated by experimental resolu- 
tion (see Fig. [771) . While the differential rate for the tail is small, the integrated rate amounts 
to several percent of the total h'^h~{n'j) rate because of the tail's extent. The tail therefore 
translates directly into a several percent loss in experimental efficiency. 

All measurements that include an FSR correction have a correction based on use of PHO- 
TOS |566H569] within the experiment's Monte Carlo simulation. PHOTOS itself, however, 
has evolved, over the period spanning the set of measurements. In particular, incorporation 
of interference between radiation off of the two separate mesons has proceeded in stages: it 
was first available for particle-antiparticle pairs in version 2.00 (1993), and extended to any 
two body, all charged, final states in version 2.02 (1999). The effects of interference are clearly 
visible (Figure [77]), and cause a roughly 30% increase in the integrated rate into the high energy 
photon tail. To evaluate the FSR correction incorporated into a given measurement, we must 
therefore note whether any correction was made, the version of PHOTOS used in correction, 
and whether the interference terms in PHOTOS were turned on. 

8.6.1 Branching fraction corrections 

Before averaging the measured branching fractions, the published results are updated, as nec- 
essary, to the FSR prediction of PHOTOS 2.15 with interference included. The correction will 
always shift a branching fraction to a higher value: with no FSR correction or with no interfer- 
ence term in the correction, the experimental efficiency determination will be biased high, and 
therefore the branching fraction will be biased low. 

Most of the branching fraction analyses used the kinematic quantity sensitive to FSR in 
the candidate selection criteria. For the analyses at the ip{3770), the variable was AE, the 
difference between the candidate D° energy and the beam energy {e.g., E^ + E^, — -Ebeam for 

—7- K~Ti'^). In the remainder of the analyses, the relevant quantity was the reconstructed 
hadronic two-body mass irii^+i^-. To correct we need only to evaluate the fraction of decays 
that FSR moves outside of the range accepted for the analysis. 

The corrections were evaluated using an event generator (EvtGen |570j ) that incorporates 
PHOTOS to simulate the portions of the decay process most relevant to the correction. We 
compared corrections determined both with and without smearing to account for experimental 
resolution. The differences were negligible, typically of order of a 1% of the correction itself. 
The immunity of the correction to resolution effects comes about because most of the long 
FSR-induced tail in, for example, the rrih+h- distribution resides well away from the selection 
boundaries. The smearing from resolution, on the other hand, mainly affects the distribution 
of events right at the boundary. 

For measurements incorporating an FSR correction that did not include interference, we 
update by assessing the FSR-induced efficiency loss for both the PHOTOS version and config- 
uration used in the analysis and our nominal version 2.15 with interference. For measurements 



252 




mK,.(GeV/c2) 

Figure 77: The Ktt invariant mass distribution for — t- K^'K^{n'-)) decays. The 3 curves 
correspond to three different configurations of PHOTOS for modehng FSR: version 2.02 without 
interference (blue), version 2.02 with interference (red dashed) and version 2.15 with interference 
(black). The true invariant mass has been smeared with a typical experimental resolution of 
10 MeV/c^. Inset: The corresponding spectrum of total energy radiated per event. The arrow 
indicates the value that begins to shift kinematic quantities outside of the range typically 
accepted in a measurement. 



that published their sensitivity to FSR, our generator-level predictions for the original effi- 
ciency loss agreed to within a few percent (of the correction) . This agreement lends additional 
credence to the procedure. 

Once the event loss from FSR in the most sensitive kinematic quantity is accounted for, the 
event loss from other quantities is very small. Analyses using D* tags, for example, showed little 
sensitivity to FSR in the reconstructed D* — mass difference: for example, in mx-TT+TT+ ~ 
mK--K+- Because the effect of FSR tends to cancel in the difference of the reconstructed masses, 
this difference showed a much smaller sensitivity than the two body mass even before a two 
body mass requirement. In the ■?/'(3770) analyses, the beam-constrained mass distributions 
{\/E1^^^ — \f)K +P7rp) showed little further sensitivity. 

The FOCUS [575 analysis of the branching ratios B{D^ 7i+7i-)/B{D^ K-ti+) and 
B{D^ — )■ K^K~)/B{D^ — )■ K~7T^) obtained yields using fits to the two body mass distribu- 
tions. FSR will both distort the low end of the signal mass peak, and will contribute a signal 
component to the low side tail used to estimate the background. The fitting procedure is not 
sensitive to signal events out in the FSR tail, which would be counted as part of the background. 

A more complex toy Monte Carlo procedure was required to analyze the effect of FSR on the 
fitted yields, which were published with no FSR corrections applied. A detailed description of 
the procedure and results is available on the HFAG web page, and a brief summary is provided 
here. Determining the correction involved an iterative procedure in which samples of similar 
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Figure 78: FOCUS data (dots), original fits (blue) and toy MC parameterization (red) for 
K-%+ (left) , TT+TT- (center) and tt+tt- (right). 



size to the FOCUS sample were generated and then fit using the FOCUS signal and background 
par ameterizat ions. The MC parameterizations were tuned based on differences between the fits 
to the toy MC data and the FOCUS fits, and the procedure was repeated. These steps were 
iterated until the fit parameters matched the original FOCUS parameters. 

The toy MC samples for the first iteration were based on the generator-level distribution 
of mK--K+, T^-K+-K- and ttik+k-, including the effects of FSR, smeared according to the original 
FOCUS resolution function, and on backgrounds thrown using the parameterization from the 
final FOCUS fits. For each iteration, 400 to 1600 individual data-sized samples were thrown and 
fit. The means of the parameters from these fits determined the corrections to the generator 
parameters for the following iteration. The ratio between the number of signal events generated 
and the final signal yield provides the required FSR correction in the final iteration. Only a few 
iterations were required in each mode. Figure [78] shows the FOCUS data, the published FOCUS 
fits, and the final toy MC parameterizations. The toy MC provides an excellent description of 
the data. 

The corrections obtained to the individual FOCUS yields were 1.0298 ± 0.0001 for K~n~^, 
1.062 ± 0.001 for tt+tt", and 1.0183 ± 0.0003 for K^K~ . These corrections tend to cancel in 
the branching ratios, leading to corrections of 1.031 to B{D^ — 7r+7r^)/i3(D° — )■ i^r~7r+), and 
0.9888 for i3(D° ^ K+K-)/B{D'^ K-n+). 

Table [TST] summarizes the corrected branching fractions. The published FSR- related model- 
ing uncertainties have been replaced by with a new, common, estimate based on the assumption 
that the dominant uncertainty in the FSR corrections come from the fact that the mesons are 
treated like structureless particles. No contributions from structure-dependent terms in the 
decay process (eg. radiation off individual quarks) are included in PHOTOS. Internal studies 
done by various experiments have indicated that in Kir decay, the PHOTOS corrections agree 
with data at the 20-30% level. We therefore attribute a 25 uncertainty to the FSR prediction 
from potential structure-dependent contributions. For the other two modes, the only difference 
in structure is the final state valence quark content. While radiative corrections typically come 
in with a 1/M dependence, one would expect the additional contribution from the structure 
terms to come in on time scales shorter than the hadronization time scale. In this case, you 
might expect LambdaQCD to be the relevant scale, rather than the quark masses, and there- 
fore that the amplitude is the same for the three modes. In treating the correlations among 
the measurements this is what we assume. We also assume that the PHOTOS amplitudes 
and any missing structure amplitudes are relatively real with constructive interference. The 
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Table 181: The experimental measurements relating to B{D^ — )■ K~'k^), B{D^ — )■ tt~^tt~) and 
B{D^ — )• K^K~) after correcting to the common version and configuration of PHOTOS. The 
uncertainties are statistical and total systematic, with the FSR-related systematic estimated in 
this procedure shown in parentheses. Also listed are the percent shifts in the results from the 
correction, if any, applied here, as well as the original PHOTOS and interference configuration 
for each publication. 



Experiment 


result (rescaled) 


correction [%1 

L J 


PHOTOS 


K-7T+ 








CLEO-c 07 (CC07) |529j 


3.891 ± 0.035 ± 0.065(27)% 




2.15/Yes 


BABAR 07 (BB07) [FT^] 


4.035 ± 0.037 ± 0.074(24)% 


0.69 


2.02/No 


CLEO II 98 (CL98) p75] 


3.920 ± 0.154 ± 0.168(32)% 


2.80 


none 


ALEPH 97 (AL97) |574| 


3.930 ±0.091 ±0.125(32)% 


0.79 


2.0/No 


ARGUS 94 (AR94) |575| 


3.490 ±0.123 ±0.288(24)% 


2.33 


none 


CLEO II 93 (CL93) |576| 


3.960 ±0.080 ±0.171(15)% 


0.38 


2.0/No 


ALEPH 91 (AL91) |577j 


3.730 ± 0.351 ± 0.455(34)% 


3.12 


none 


TT+TT-/D^ K-7r+ 








CLEO-c 10 (CCIO) [524j 


0.0370 ± 0.0006 ± 0.0009(02) 




2.15/Yes 


CDF 05 (CD05) |578j 


0.03594 ± 0.00054 ± 0.00043(15) 




2.15/Yes 


FOCUS 02 (FO02) |57l| 


0.0364 ±0.0012 ±0.0006(02) 


3.10 


none 


L)° ^ K+K-/D° K'n^ 








CLEO-c 10 


0.1041 ±0.0011 ±0.0012(03) 




2.15/Yes 


CDF 05 [578J 


0.0992 ± 0.0011 ± 0.0012(01) 




2.15/Yes 


FOCUS 02 |57lj 


0.0982 ± 0.0014 ± 0.0014(01) 


-1.12 


none 



uncertainties largely cancel in the branching fraction ratios. For the final average branching 
fractions, the FSR uncertainty on Kit dominates. Note that because of the relative sizes of 
FSR in the different modes, the tttt/Kit branching ratio uncertainty from FSR is positively 
correlated with that for Kit branching, while the KK/ Kit branching ratio FSR uncertainty is 
negatively correlated. 

The B{D° ^ K'n+) measurement of reference [5791, the i3(L'° 7i+n-)/B{D'^ K-7T+) 
measurements of references [536j and |467j and the B{D^ — t- K^K^)/B{D^ — t- K^tt^) mea- 
surement of reference |467j are excluded from the branching fraction averages presented here. 
The measurements appear not to have incorporated any FSR corrections, and insufficient in- 
formation is available to determine the 2-3% corrections that would be required. 

8.6.2 Average branching fractions 

The average branching fractions for D° — )■ K~it~^, — )• tt+tt" and — )• K^K" are obtained 
from a single minimization procedure, in which the three branching fractions are fioating 
parameters. The central values derive from a fit in which the covariance matrix is the sum of 
the covariance matrices for the statistical, systematic (excluding FSR) and FSR uncertainties. 
The statistical uncertainties are obtained from a fit using only the statistical covariance matrix. 
The systematic uncertainties are obtained from the quadrature uncertainties from a fit with 
statistical-only and statistical±systematic covariance matrices, and the FSR uncertainties on 
the averages from the quadrature differences in the uncertainties obtained from the nominal fit 
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Table 182: The correlation matrix corresponding to the covariance matrix from the sum of statistical, systematic and FSR covari- 
ances. 



CC07 BB07 CL98 AL97 AR94 CL93 AL91 FO02 CD05 CCIO FO02 CD05 CCIO 



CC07 


1. 


,000 


0. 


.106 


0, 


.044 


0, 


.064 


0, 


.023 


0. 


.025 


0, 


.018 


0. 


.053 


0, 


.078 


0. 


.052 


-0, 


.015 


-0, 


.025 


-0, 


.065 


BB07 


0. 


,106 


1, 


,000 


0, 


.035 


0, 


,051 


0, 


.019 


0, 


,020 


0, 


.014 


0, 


,042 


0, 


.062 


0, 


,041 


-0, 


.012 


-0, 


,019 


-0, 


.051 


CL98 


0. 


,044 


0, 


,035 


1, 


.000 


0, 


,021 


0, 


.008 


0, 


,298 


0, 


.006 


0, 


,017 


0, 


.026 


0, 


,017 


-0, 


.005 


-0, 


,008 


-0, 


.021 


AL97 


0. 


,064 


0, 


,051 


0, 


.021 


1, 


,000 


0, 


.011 


0, 


,012 


0, 


.116 


0, 


,025 


0, 


.038 


0, 


,025 


-0, 


.007 


-0, 


,012 


-0, 


.031 


AR94 


0. 


,023 


0. 


.019 


0, 


.008 


0, 


.011 


1 


.000 


0. 


.004 


0, 


.003 


0, 


.009 


0, 


.014 


0. 


.009 


-0, 


.003 


-0, 


.004 


-0, 


.011 


CL93 


0. 


,025 


0, 


,020 


0, 


.298 


0, 


,012 


0, 


.004 


1, 


,000 


0, 


.003 


0, 


,010 


0, 


.015 


0, 


,010 


-0, 


.003 


-0, 


,005 


-0, 


.012 


AL91 


0. 


,018 


0, 


,014 


0, 


.006 


0, 


,116 


0, 


.003 


0, 


,003 


1, 


.000 


0, 


,007 


0, 


.010 


0, 


,007 


-0, 


.002 


-0, 


,003 


-0, 


.009 


FO02 


0. 


,053 


0, 


,042 


0, 


.017 


0, 


,025 


0, 


.009 


0, 


,010 


0, 


.007 


1, 


,000 


0, 


.031 


0, 


,021 


-0, 


.006 


-0, 


,010 


-0, 


.026 


CD05 


0. 


,078 


0. 


.062 


0, 


.026 


0, 


.038 


0, 


.014 


0. 


.015 


0, 


.010 


0, 


.031 


1 


.000 


0. 


.031 


-0, 


.009 


-0, 


.014 


-0, 


.038 


CCIO 


0. 


,052 


0, 


,041 


0, 


.017 


0, 


,025 


0, 


.009 


0, 


,010 


0, 


.007 


0, 


,021 


0, 


.031 


1, 


,000 


-0, 


.006 


-0, 


,010 


-0, 


.025 


FO02 


-0. 


,015 


-0, 


,012 


-0, 


.005 


-0, 


,007 


-0, 


.003 


-0, 


,003 


-0, 


.002 


-0, 


,006 


-0, 


.009 


-0, 


,006 


1, 


.000 


0, 


,003 


0, 


.007 


CD05 


-0. 


,025 


-0, 


,019 


-0, 


.008 


-0, 


,012 


-0, 


.004 


-0, 


,005 


-0, 


.003 


-0, 


,010 


-0, 


.014 


-0, 


,010 


0, 


.003 


1, 


,000 


0, 


.012 


CCIO 


-0. 


,065 


-0. 


.051 


-0, 


.021 


-0. 


.031 


-0, 


.011 


-0. 


.012 


-0, 


.009 


-0. 


.026 


-0, 


.038 


-0. 


.025 


0, 


.007 


0. 


.012 


1 


.000 



D° ^ K"jT+ (%) 



ALEPH 91 I ^ 

CLEO II 93 

ARGUS 94 I 1 • ^ 

ALEPH 97 
CLEO II 98 
BaBar 07 
CLEOc 07 

Average: 3.946 ± 0.023 ± 0.040 ± 0.025 
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Figure 79: Comparison of measurements of B{D^ K 7r+) (blue) with the average branching 
fraction obtained here (red, and yellow band). 



and a fit excluding the FSR uncertainties. 

In forming the covariance matrix for the FSR uncertainties, the FSR uncertainties are 
treated as fully correlated (or anti-correlated) as described above. For the systematic co- 
variance matrix, ALEPH's systematic uncertainties in the parameter are treated as fully 
correlated between the ALEPH 97 and ALEPH 91 measurements. Similarly, the tracking effi- 
ciency uncertainties in the CLEO II 98 and the CLEO II 93 measurements are treated as fully 
correlated. Table [T82] presents the correlation matrix for the nominal fit (stat.-|-syst.+FR). 

The averaging procedure results in a final of 11.6 for 13-3 degrees of freedom. The 
branching fractions obtained are 

B{D^ K^n+) = 3.946 ± 0.023 ± 0.040 ± 0.025 
B{D°^n+n-) = 0.143 ±0.002 ±0.002 ±0.002 
B{D^ ^ K+K-) = 0.398 ±0.004 ±0.005 ±0.002. 



The uncertainties, estimated as described above, are statistical, systematic (excluding FSR), 
and FSR modeling. The correlation coefficients from the fit using the total uncertainties are 







TT + TT 


K+K 




1.00 


0.72 


0.78 




0.72 


1.00 


0.55 


K+K- 


0.78 


0.55 


1.00 
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D° ^ K*K' (%) 



D" -* (%) 



CLEOdO III • III CLEOcIO H— H ■ 1 H 

CDF 05 III • I H CDF 05 HH • HH 

FOCUS 03 m — — m focus 03 hh * m 

Average: 0.397 ± 0.004 ± 0.005 ± 0.002 I-I--H Average: 0.143 ± 0.002 * 0.002 ± 0.002 hH — — h-H 

0.38 0.39 0.4 0.41 0.14 0.145 0.15 

Figure 80: Tlie B{D° K^K') (left) and B{D^ tt+tt") (right) values obtained by scaling 
the measured branching ratios with the B{D^ — )■ K^n^) branching fraction average obtained 
here. For the measurements (blue points), the error bars correspond to the statistical, system- 
atic and Kir normalization uncertainties. The average obtained here (red point, yellow band) 
lists the statistical, systematics excluding FSR, and the FSR systematic. 



As the would suggest and Fig. [7^ shows, the average value for B^D'^ — )■ K'n'^) and the 
input branching fractions agree very well. With the estimated uncertainty in the FSR modeling 
used here, the FSR uncertainty dominates the statistical uncertainty in the average, suggesting 
that experimental work in the near future should focus on verification of FSR with ^ 100 
MeV. The B{D^ — )■ K~^K~) and B{D^ — )■ it^tt~) measurements inferred from the branching 
ration measurements also agree well (Fig. IHOl) . 

The B{D^ —7- K^TT^) average obtained here is approximately one statistical standard devi- 
ation higher than the 2011 PDG update average [5]. Table [183] shows the evolution from a fit 
similar to the PDG's (no FSR corrections or correlations, reference [579] included) to the aver- 
age presented here. There are two main contributions to the difference. The branching fraction 
in reference [579] is low, and its exclusion shifts the result upwards. The FSR corrections also 
shift the result upwards, as expected, and contribute the dominant shift of +0.019%. 



Table 183: Evolution of the — )■ K'n^ branching fraction from a fit with no FSR corrections 
or correlations (similar to the average in the PDG 2011 update |419j ) to the nominal fit presented 
here. 



Modes 
fit 


description 


B{D^ ^ K-n+) (%) 


1 (d.o.f.) 


K-7r+ 


PDG summer 2011 equivalent 


3.913 ±0.022 ±0.043 


6.0 / (8-1) 


K-TT+ 


drop Ref. [579| 


3.921 ±0.023 ±0.044 


4.8 / (7-1) 


K-Tr+ 


add FSR corrections 


3.940 ± 0.023 ± 0.041 ± 0.015 


4.0 / (7-1) 


K-n+ 


add FSR correlations 


3.940 ± 0.023 ± 0.041 ± 0.025 


4.2 / (7-1) 


all 




3.946 ± 0.023 ± 0.040 ± 0.025 


11.6 /(13-3) 
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8.7 Direct CP violation 



In decays of mesons, CP asymmetry measurements have contributions from both direct and 
indirect CP violation as discussed in Sec. 18.11 The contribution from indirect CP violation 
depends on the decay-time distribution of the data sample [478] . This section describes a 
combination of measurements that allows the extraction of the individual contributions of the 
two types of CP violation. At the same time, the level of agreement for a no-CP-violation 
hypothesis is tested. The observables are: 



Ar = 



T{D°^h+h') - T{D^^h+h- 



(214) 



T{D^^h+h-) + T{D^^h+h^ 
where h~^h~ can be K^K~ or tt+tt", and 

AAcP = Acp{K+K-) - Acp(7r+7r-), (215) 
where Aqp are time-integrated CP asymmetries. The underlying theoretical parameters are: 



dir 
^CP 



ind 
*CP 



lAoo^fl^ - \At^o_ 12 



\Ado- 

1 

2 



+ \A 







+ 


p 








p 




[( 






^ X sin — ^ 








^ ycoscp 




p 




1 




P 




Q 



(216) 



where Ajj^f is the amplitude ioi D ^ f |580] . We use the following relations between the 
observables and the underlying parameters [581] : 



Av 
AAcp 



"CP 

A"CP 



dir 
"CP?/CP, 

r 



ind 
^CP" 



+ "CP 



Ajt) 

r 
A(t) 



a<^^v ^^^^ 
"cp2/cp 

r 



(217) 
(218) 



The first relation constrains mostly indirect CP violation, and the direct CP violation contri- 
bution can differ for different final states. In the second relation, (t) / r denotes the mean decay 
time in units of the lifetime; AX denotes the difference in quantity X between K'^K~ and 
7r"'"7r~ final states; and X denotes the average for quantity X. We neglect the last term in this 
relation as all three factors are (9(10"^) or smaller, and thus this term is negligible with respect 



to the other two terms 
{K+K 



because a^p 



Note that A{t)/T <^ {t)/T, and it is expected that 
dir,'^+^-^ are expected to have opposite signs. 



,dir I 

^cpI 



< 



|A"^^| 



and a^p [n "k 



A X fit is performed in the plane Aa^p vs. 



-^ind 

iQp. 



For the BABAR result the difference of 



the quoted values for Acp{K~^K~) and Acp(vr"'"7r~) is calculated, adding all uncertainties in 
quadrature. This may overestimate the systematic uncertainty for the difference as it neglects 
correlated errors; however, the result is conservative and the effect is small as all measurements 
are statistically limited. For all measurements, statistical and systematic uncertainties are 
added in quadrature when calculating the x^- We use the current world average value ycp = 
(1.064 ± 0.209)% (see Sec. E2) and the measurements listed in Table [M 

The combination plot shows the measurements listed in Table [TMl for AAqp and Ap, where 
the bands represent ilcr intervals. The point of no CP violation (0,0) is shown as a filled circle. 
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Table 184: Inputs to the fit for direct and indirect CP violation. The first uncertainty listed is 
statistical, and the second is systematic. 



Year 


Experiment 




Results 


A /+\ 


/+\ 


Keierence 


2007 


Belle 


Av = 


(0.01 ±0.30 ±0.15)% 






|448| 


2008 


BABM 


Av = 


(0.26 ±0.36 ±0.08)% 






|468| 


2011 


LHCb 


Ar = 


(0.59 ±0.59 ±0.21)% 






pro] 


2008 


BABM, 


AcpiKK) = (0.00 ± 0.34 ± 0.13)% 












Acp{iTn] 


= (0.24 ±0.52 ±0.22)% 


0.00 


1.00 


|47H 


2008 


Belle 


AAcP 


= (0.86 ±0.60 ±0.07)% 


0.00 


1.00 


|472| 


2011 


LHCb 


AAcP 


= (0.82 ±0.21 ±0.11)% 


0.10 


2.08 


|473| 


2012 


CDF Prelim. 


AAcP 


= (0.62 ±0.21 ±0.10)% 


0.25 


2.58 


[475J 




Figure 81: Plot of all data and the fit result. Individual measurements are plotted as bands 
showing their ±lo" range. The no-CPV point (0,0) is shown as a filled circle, and the best fit 
value is indicated by a cross showing the one-dimensional errors. Two-dimensional 68% CL, 
95% CL, and 99.7% CL regions are plotted as ellipses. 
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and two-dimensional 68% CL, 95% CL, and 99.7% CL regions are plotted as ellipses. The best 
fit value is indicated by a cross showing the one- dimensional errors. 

From the fit, the change in from the minimum value for the no-CPV point (0,0) is 19.4, 
which corresponds to a CL of 6.1 x 10~^ for two degrees of freedom. Thus the data are consistent 
with the no-CP- violation hypothesis at only 0.006% CL. The central values and ilu errors for 
the individual parameters are 

a^^ = (-0.025 ±0.231)% 
Aa^^ = (-0.656 ±0.154)%. (219) 

These results indicate that the origin of this CP violation lies in the difference between direct 
CP violation in the two final states, rather than in a common indirect CP violation. 
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Table 185: Summary of excited A'^ baryons family. 





lViOQ6 


IVifibb or LXiVI , 


iNdLUrdl VVIQIJI, 


J 






IVIC \ / 


MpV /r^ 




ylc(2595)+ 




2595.4 lb 0.6 


3.6+^!i 

" 1.3 


1/2- 


ylc(2625)+ 




2628.1 ±0.6 


< 1.9 


3/2- 


yle(2765)+ 




2766.6 ± 2.4 


50 


?? 


yle(2880)+ 




2881.53 ±0.35 


5.8 ± 1.1 


5/2+ 




^^(2520)^, 






(experimental evidence) 


ylc(2940)+ 




2939.3;i:| 




?? 



8.8 Charm baryons 

Here we summarizes present status of excited charm baryons, decaying strongly or electro- 
magnetically: their masses (or mass difference between excited baryon and the corresponding 
ground state), natural widths, decay modes and presumably assigned quantum numbers. Ta- 
ble 11851 summarizes the excited /l^'s. First two states, ylc(2595)"'" and /lc(2625)+ are well 
established. Based on measured masses they are believed to be orbitally excited A^'s with 
total momentum of light quarks L=l. Therefore, it's quantum numbers are assigned to be 

= (|)~ and = (|)~. Recently, their masses were precisely measured by CDF [582] : 
M(yle(2595)+) = 2592.25±0.24±0.14 MeV/c^, M{A^{2625)+) = 2628.11±0.13±0.14 MeV/c^. 
Next two states, ylc(2765)+ and /lc(2880)+, were discovered by CLEO [583] in A^n+n- final 
state. They found that ylc(2880)+ decays also through the Z'c(2445)++/*'7r-/+ mode. Later, 
BABAR [584] observed that this state has also D^p decay mode. It is the first example where 
excited charm baryon decays into charm meson and light baryon. (Usually, excited charm 
baryons decay onto charm baryon and light mesons.) In that analysis BABAR observed for the 
first time else one state, ylc(2940)''", decaying into D^p. By looking at D^p final state, they 
found no signals which results in the conclusion that the /lc(2880)+ and /lc(2940)+ are really 
yl+ excited states, not Sc- Belle reported the result of an angular analysis that favors the 
5/2 for the ylc(2880)+ spin hypothesis. Moreover, the measured ratio of branching fractions 
B(ylc(2880)+ ^ r,(2520)7r±)/i3(ylc(2880)+ ^ rc(2455)7r±) = (0.225 ±0.062 ±0.025) combined 
with theoretical predictions based on HQS [376^1585] favoring even parity. 

The open questions in the present excited /l+ family are the experimental determination of 
quantum numbers for almost all states and the nature of ylc(2765)"'" state: whether it is excited 
E+ or At. 

Table 11861 summarizes the excited 17++'+'° baryons. Triplet of i7c(2520)++'+''' baryons is 
well established. Recently CDF [582] precisely measured the masses and widths of the dou- 
ble charged and neutral members of this triplet to be M(Z'c(2520)++) = (2517.19 ± 0.46 ± 
0.14) MeV/c2, r(rc(2520)++) = (15.03 ±2.52) MeV/c^ and M(rc(2520)°) = (2519.34 ± 0.58 ± 
0.14) MeV/c^, r(rc(2520)°) = (12.51 ±2.28) MeV/c^, respectively. The short list of excited 
baryons completes the triplet of Z'c(2800) states observed by Belle [586] . Based on measured 
mass and theoretical predictions [587^588] one can tentatively identify these states as members 
of the predicted IJc2 3/2~ triplet. From the study of resonant substructure in — t- A^pn- 
decays, BABAR found significant signal in A^ii' with the mean value higher by about 3 a 
from obtained by Belle (see Table [T86|) . The widths from measurements. Belle and BABAR, are 
consistent. 

Table 11871 summarizes the excited 5"+'° and baryons. Recently, the list of excited S^. 
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Table 186: Summary of excited 17+"'"'"'"''^ baryons family. 



Charmed Baryon 


Mode 


Mass or AM, 


Natural Width, 




Excited State 




MeV/c2 


MeV/c2 




17^(2520)++ 


yl+7r+ 


231.9 ±0.6 


14.9 ± 1.9 


3/2+ 


1:^(2520)+ 


Atn^ 


231.0 ±2.3 


< 17 @ 90% CL 


3/2+ 


rc(2520)° 


yl+7r+ 


231.6 ±0.5 


16.1 ±2.1 


3/2+ 


1:^(2800)++ 
Sc{2800)+ 
re(2800)° 


yl+7r+ 

yl+TT- 
Atn- 


di^.d_3J_4 g 

e:nc: 4+5.8+12.4 
c;i K 4+3.2+2.1 

560 ± 8 ± 10 


7P;+18+12 
' 3-13-11 
^9+37+52 
"^-23-38 
^1+18+22 
"-■--13-13 

86tll 


tentatively identified 
as members of the predicted 
Sc2 3/2~ isospin triplet 



baryons have enriched by several states with masses above 2900 MeV/c^ and decaying into 
A+K~ and yl+i^-Z^vr+Z". Some of these states are seen by both Belle [589] and BABAR [590j and 
are believed to be well-established, these are ^"£(2980)+ and Sc{3080)~^'^. All others need to be 
confirmed or studied in more depth. These are Sc{2930)^ seen in A'^K~ final state, ^"£(3055)+ 
found in re(2455)++7r- final state, and S'e(3123)+ claimed by BABAR [590] in rc(2520)++7r- 
final state. 

The excited f2'^ double charm baryon are seen by both BABAR [591] and Belle [592], the 
5M = M{f]*^) — M(i7°) are in good agreement agreement in both experiments and consistent 
with most theoretical predictions [59311596] . 

Figure [82] shows the levels of excited charm baryons with the corresponding transitions 
between them or to the charm baryon ground states. Interesting feature recently discovered by 
BABAR and Belle is that now we know that transitions between families are possible (between 
Sc and yl+ families of excited baryons). Also, highly excited /l+ baryons can decay into charm 
meson and proton. 



3250 



3000 



2750 



2500 



2250 




-Y 

-71 
-7C7I 
K 
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Figure 82: Level diagram for excited charm baryons. 
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Table 187: Summary of excited ^^'''^ ^^'^ baryons families. 



Charmed Baryon 


Mode 


Mass or AM, 


Natural Width, 


JP 


Excited State 




MeV/c2 


MeV/c2 








2575.6 ±3.1 
2577.9 ±2.9 




1/2+ 
1/2+ 


Hc(2645)+ 
=•^(2645)0 




2645.9^;^;^ 
2645.9 ±0.5 


< 3.1 

< 5.5 


3/2+ 
3/2+ 


^e(2790)+ 
S'c(2790)° 




2789.1 ± 3.2 
2791.8 ±3.3 


< 15 

< 12 


1/2- 
1/2- 


He(2815)+ 
='e(2815)° 


S'+vr+TT-, S'c(2645)'J7r+ 
S^n+n-, ="c(2645)+7r- 


2816.6 ±0.9 
2819.6 ± 1.2 


< 3.5 

< 6.5 


3/2- 
3/2- 


='c(2930)" 


A+K- 


2931.6 ±6 


36± 13 


?? 


^■^(2980)+ 


A+K-TT+, S'e(2645)"7r+ 


2971.4 ±3.3 


26 ±7 


?? 


=•^(2980)0 


S'e(2645)+7r- 


2968.0 ±2.6 


20 ±7 


?? 


^c(3055)+ 




3054.2 ±1.3 


17± 13 


?? 


^,(3080)+ 


A+K- 7r+., E++K-., E,(2520)++K- 


3077.0 ±0.4 


5.8 ± 1.0 


?? 


^,(3080)" 




3079.9 ± 1.4 


5.6 ± 2.2 




^c(3123)+ 


Z'c(2520)++i^- 


3122.9 ± 1.3 


4±4 


?? 






r2e(2770)" 




2765.9 ±2.0 


70.7i^:« 


3/2+ 
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8.9 Rare and forbidden decays 



This section provides a summary of rare and forbidden charm decays in tabular form. The 
decay modes can be categorized as flavor-changing neutral currents, lepton-flavor-violating, 
lepton-number- violating, and both baryon- and lepton-number- violating decays. Figures ISBUS^ 
plot the upper limits for D"*", Df, and A'^ decays. Tables [T551I191I give the corresponding 
numerical results. Some theoretical predictions are given in Refs. [597H602] . 



Table 188: Upper limits at 90% CL for decays. 



Decay 


Limit xiU 


Experiment 


Kelerence 


77 


26.0 


CLEO II 


|603| 




2.2 


BABAR rrehmmary 


[604J 


e^e 


220.0 


CLEO 


[605J 




170.0 


Argus 


[606J 




130.0 


Mark3 


[60 7J 




13.0 


CLEO II 


[608J 




8.19 


E789 


r\r\ 1 

[609J 




0.2 


E791 


jol(J]| 




1 o 

l.z 


±>AtiAK 


li^ 1 1 1 
[Dll] 




0.079 


Belle 


plzj 


— 


lu.u 


Argus 


\p.r\p.\ 
[oUoJ 




AAn 
44. U 


Jl/DOO 


|Dioj 




o4.U 


ni 170 TT 


[DUOJ 




±o.u 


T778Q 


[uuyj 




o.z 


11; ( y i 


[OiUJ 




n 
z.u 




Ifii /1 1 

[Oi4J 




1.3 


BABAR 


|611j 




0.21 


CDF 


|615] 




0.14 


Belle 


f612| 




0.011 


LHCb Preliminary 


(616] 




45.0 


CLEO II 


[608J 




540.0 


CLEO II 


[608J 




180.0 


E653 


[613J 




110.0 


CLEO II 


[608J 




530.0 


CLEO II 


[608J 




370.0 


E791 


[617J 




450.0 


CLEO 


[605J 




124.0 


E791 


)617| 




100.0 


CLEO II 


|608| 
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Table 188 - continued from previous page 



Decay 



Limit xlO'^ 



Experiment 



Reference 



30.0 



E791 



\m7\ 



810.0 
490.0 



CLEO 
CLEO II 



605 
[608 





230.0 


E653 


[613J 




22.0 


E791 


[617J 


ooe'^e 


180.0 


CLEO II 


[608J 




830.0 


CLEO II 


[608J 


K+K-e+e- 


315.0 


E791 


[617] 




59.0 


E791 


[617J 




52.0 


CLEO II 


[608J 




33.0 


E791 


[617J 




410.0 


CLEO II 


[608J 




31.0 


E791 


[617J 


K\+e- 


1700.0 


Mark3 


[618J 




110.0 


CLEO II 


[608J 




670.0 


CLEO II 


|608J 




260.0 


E653 


[613J 




385.0 


E791 


[617] 


Z*'(892)e+e- 


140.0 


CLEO II 


[608J 




47.0 


E791 


[617J 




360.0 


E791 


[617J 




1180.0 


CLEO II 


[608J 




24.0 


E791 


[617J 




810.0 


E653 


f613j 
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Table 188 - continued from previous page 



Decay 


Limit xiU 


Experiment 


Keierence 








[oUoJ 




T on n 
izU.U 


MarKo 


1^ 1 n 1 
[piyj 




lUU.U 


Argus 


joOoj 




ion 
iy.U 




[DUoJ 








[ouyj 




8 1 
o. ± 


P7Q1 


Ifil nJ 




n SI 


R4R4R 


Ifil 1 1 








Ifil 91 




ou.u 


PT FD TT 


1 UUOJ 


f fty fjj 


1 nn n 


PT,F,n TT 


1 UUOJ 


n n t- ^ 


T n 


F7Q1 
H/ 1 y 1 


IfiT 71 

[ J 




00. u 


11; ( y i 


Ifil 71 
[Oi ( J 




AQ n 


PT FD TT 

V^IjU/W 11 


[UUOJ 




120.0 


CLEO II 


[608J 




180.0 


E791 


[617] 




47.0 


E791 


[6171 




34.0 


CLEO II 


[608J 




1 nn n 


PTED TT 


1 UUOJ 


Iv /I C Lfc 


^^n n 


F,7Q1 


Ifil 71 

1 U 1 1 J 


/V^*0/OQO\^±, =F 


1 nn n 


V. 1^1 ^ V / 11 


1 UUOJ 




83 n 


E791 


Ifil 71 


'7T~F'7T-~F/oizDi 
/I /I CO 


1 1 9 n 


F791 

11/ 1 C/ X 


Ifil 71 


7r~F'7T-~F / i-^/i-^ 

/I /I Li Li 


9Q n 


F791 


Ifil 71 


I\ /ICC- 


2nfi n 


F791 

11/ 1 C/ X 


Ifil 71 


n LI laj 


3Qn n 


F791 

11/ 1 C/ X 


Ifil 71 




1 ^9 n 


F791 

11/ 1 C/ X 


Ifil 71 




Q4 n 


F791 

11/ 1 C/ X 


Ifil 71 




79.0 


E791 


[61 7J 




218.0 


E791 


[617J 




57.0 


E791 


[617J 




10.0 


CLEO 


[620J 




11.0 


CLEO 


|620] 
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Figure 84: Upper limits at 90% CL for (top) and (bottom) decays. Each plot shows 
flavor- changing neutral current decays, lepton-flavor-changing decays (LF), and lepton-number- 
changing (L) decays. The legend is given in Fig. 



Table 189: Upper limits at 90% CL for D+ decays. 



Decay 


Limit xlO^ 


Experiment 


Reference 




110.0 


E687 


[62T1 




52.0 


E791 


|610| 




5.9 


CLEO 


[622] 




1.1 


BABAR 


|623| 




220.0 


E653 


[613] 




89.0 


E687 





269 



Table 189 - continued from previous page 



Decay 



Limit xlO^ 
15.0 
8.8 
6.5 
3.9 



Experiment 
E791 
FOCUS 
BABAR 
DO 



Reference 
[6T0j 
[6211 



560.0 



E653 



[613] 



200.0 
3.0 
1.0 



E687 
CLEO 
BABAR 



[621j 
[622] 
|623] 



34.0 



E791 



[610] 



110.0 
2.9 



E687 
BABAR 



[621] 

[623] 



130.0 
3.6 



E687 
BABAR 



[621J 
[623] 



68.0 



E791 



[610J 



130.0 
1.2 



E687 
BABAR 



[621] 

[623] 



120.0 
2.8 



E687 
BABAR 



[62 IJ 
[623] 



110.0 
96.0 

1.9 

1.1 



E687 
E791 
BABAR 
CLEO 



m 

[610] 
[623] 



87.0 
17.0 
4.8 
2.0 



E687 
E791 
FOCUS 
BABAR 



621 



m 
m 



[623 



110.0 
50.0 



E687 
E791 



mil 



p IT p 



+ 



560.0 



E653 



[613] 



120.0 
3.5 
0.9 



E687 
CLEO 
BABAR 



[621J 
[622] 
[623] 



K-p+fi^ 



320.0 
120.0 
13.0 
10.0 



E653 
E687 
FOCUS 
BABAR 



613j 



[621] 
[62i] 

[6231 



130.0 



E687 



[621] 



i\:*-(892)/iV 



850.0 



E653 



[613j 



Table 190: Upper limits at 90% CL for decays. 



Decay 


Limit xlO** 


Experiment 


Reference 




270.0 


E791 


[610] 



270 



Table 190 - continued from previous page 



Decay 



Limit xlO^ 
22.0 
13.0 



Experiment 
CLEO 
BABAR 



Reference 



[622j 
i623] 



430.0 
140.0 
43.0 
26.0 



E653 
E791 
BABAR 
FOCUS 



m 

[610] 



[623] 



K+e+e- 



1600.0 
52.0 
3.7 



E791 
CLEO 
BABAR 



610 



[622] 

[623] 



12+12- 



140.0 

36.0 

21.0 



E791 
FOCUS 
BABAR 



[610] 

m 

[623] 



K*+ [892) fi+fi- 



1400.0 



E653 



1613J 



610.0 



E791 



[610J 



12.0 



BABAR 



[623J 



20.0 



BABAR 



[623J 



K+e^f2+ 



630.0 



E791 



[610J 



K+e+iJ- 



14.0 



BABAR 



[623J 



9.7 



BABAR 



[623J 



vr e ' e ' 



690.0 
18.0 
4.1 



E791 
CLEO 
BABAR 



[610J 
[622] 



7r /x^/i 



+ 



430.0 
82.0 
29.0 
14.0 



E653 
E791 
FOCUS 
BABAR 



613J 



m 
m 

[623] 



730.0 



E791 



[610J 



630.0 
17.0 
5.2 



E791 
CLEO 
BABAR 



[610J 
[622] 

[623J 



590.0 
180.0 
13.0 



E653 
E791 
FOCUS 



[m 

[623] 



680.0 



E791 



610 



ii:*-(892)/iV 



1400.0 



E653 



[M 



Table 191: Upper limits at 90% CL for A+ decays. 



Decay 


Limit xlO^ 


Experiment 


Reference 




5.5 


BABAR 


|623] 




340.0 


E653 


m 




44.0 


BABAR 


[623j 




700.0 


E653 


[613J 
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Table 191 - continued from previous page 



Decay 


Limit xlO^ 


Experiment 


R eference 




9.9 


BABAR 


|623J 


Pli^e~ 


19.0 


BABAR 


[623J 




2.7 


BABAR 


1623] 


PIX^ ji^ 


9.4 


BABAR 


1623] 
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Figure 85: Upper limits at 90% CL for yl+ decays. Shown are flavor- changing neutral current 
decays, lepton-flavor-changing (LF) decays, and lepton-number-changing (L) decays. 
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9 Tau lepton properties 



We present averages of a selection of physics quantities related to the tau lepton, where we 
follow the HFAG methodology [4J to improve the Review of Particle Physics (PDG) [5] results 
by: 

• including a selection of reliable preliminary results, hence obtaining more up-to-date 
results; 

• updating the experimental measurements value and systematic error when it depends on 
external parameters whose values and uncertainties are updated; 

• taking into account the statistical correlation that is induced by the dependence from 
common systematic contributions. 

All published statistical correlations are considered, and a selection of measurements, particu- 
larly the most precise and the most recent, were examined to obtain all the significant systematic 
dependencies. The HFAG techniques are most useful in the global fit of the tau branching frac- 
tions (Section |9TT]) . We use the branching fraction fit results to obtain updated lepton universal- 
ity tests (Sectioning) and updated determinations of \ Vus\ with tau measurements (Section [9.41) . 
Finally, we report in Section 19.51 the most up-to-date limits on the lepton-flavour- violating tau 
branching fractions. 

9.1 Branching fractions fit 

The measurements listed in Table 11921 have been used in a minimum fit subject to the 
equality constraints that are listed either in the same table (where some fitted quantities and 
experimental measurements are expressed as ratios of fit quantities) or in Section I9.1.2[ The 
fitted quantities and the measurements are labelled using the PDG [5] r„ notation, where n is 
an integer number, which matches the PDG notation for n < 800. We use n > 800 to denote 
some additional branching fractions, as documented in the former HFAG report [1]. 

The fitted branching fractions consist on 40 "base nodes" and 45 derived branching fractions, 
described either as sum of base nodes (see Section I9.1.2p or as ratios of branching fractions (see 
Table UnS])- Furthermore, we define (see Section 19.1.21) Pah as the sum of all the base modes, 
which correspond to all non-overlapping tau decay modes, Pggs = 1 — Paii and Pno = X'Ur, 
which is the total branching fraction of the tau to modes with the strangeness quantum number 
equal to one. 

The fitted HFAG-Tau averages are reported in Table [T^ The fit has x^/d.o.f. = 143.5/118, 
corresponding to a confidence level CL = 5.5%. We use a total of 157 measurements and 47 
constraint equations to fit 86 quantities. The fit is statistically consistent with the unitarity 
constraint, but the unitarity constraint is not applied. 

In several cases, when it is statistically equivalent within the HFAG-Tau fitting procedure, 
for historical reasons the statistical and systematic errors are added in quadrature and are 
reported in the above table in the location of the statistical error, reporting zero as systematic 
error. A scale factor of 5.44 (as in the former report [4J) has been applied in the fit to the quoted 
errors of the two inconsistent measurements of Pgg = r — )■ KKKv by BABAR and Belle. 
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With respect to the end-of-2009 HFAG report following comments by M. Davier |626] . 
we have included 3 new modes: 

r804 = rc-KlKlu,, 

along with the related measurements 

= Ti'K^lfur = (0.1530 ± 0.0340 ± 0.0000) • 10"^ (alEPH [627j ^- 
= n-n^K^K^Ur = (3.1000 ± 2.3000 ± 0.0000) ■ 10"^ (ALEPH [628] ). 

the estimate 

1805 = ar(^ 7r-7)z/^ = (4.0000 ±2.0000 ±0.0000) ■ 10-^ (ALEPH [629] ). 
and the constraint 

r46 = r48 ± r47 ± r804 • 

Furthermore, the following new measurements were added: 

ri28 = K-riUr = (1.4200 ± 0.1100 ± 0.0700) ■ 10"^ {BABAR [630] ). 
140 =K^n-7r°Ur = (0.3840 ± 0.0040 ± 0.0160) ■ 10"^ (Belle [63T] ). 
142 = K'n^K^Ur = (0.1480 ± 0.0020 ± 0.0080) ■ 10"^ (Belle [MI]). 

Finally, the constraint parameters (see Section I9.1.2p have been updated to the PDG 2011 
results [5]. 



Table 192: HFAG Winter 2012 branching fractions fit results. 



Tau lepton branching fraction 


Value 






Exp. 


Ref. 




(17.392 ±0.040) • 10-2 






HFAG 


Winter 2012 fit 




(17.319 ±0.077 ± 0.000) • 


10- 


-2 


ALEPH 


[S55] 




(17.325 ±0.122 ± 0.000) • 


10- 


-2 


DELPHI 


[632] 




(17.342 ±0.129 ±0.000) • 


10- 


-2 


L3 


[533] 




(17.340 ±0.108 ±0.000) • 


10- 


-2 


OPAL 


|634J 




0.9761 ± 0.0028 






HFAG 


Winter 2012 fit 
















0.9970 ± 0.0532 ±0.0000 






ARGUS 


[635] 




0.9789 ± 0.0039 ±0.0003 






babar 


[535] 




0.9777 ±0.0107 ±0.0000 






CLEO 


|M7| 


Fs = e^VeVr 


(17.818 ±0.041) • 10-2 






HFAG 


Winter 2012 fit 




(17.837 ±0.080 ± 0.000) • 


10- 


-2 


ALEPH 


[555] 




(17.760 ±0.180 ±0.000) • 


10- 


-2 


CLEO 


[637] 




(17.877 ±0.155 ±0.000) • 


10- 


'2 


DELPHI 


[535] 
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Tau lepton branching fraction 






I.' , . 
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vv inijer zuiz nc 






(^ 9 Ann -i- n QQn -i- n nnn"! . i n~2 
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T 


lU'^UI 
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1 
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WPA P 
rlr 


vvinicr zuiz nt 






I 11.0Z4J: Zt U.IUO zt U.UUU) • lU 




A T FPH 


IROQI 
[OZyj 






(11.520 ±0.130 ±0.000) • 10~2 




PT FO 








(11.571 ± 0.166 ± 0.000) • 10-2 




DELPHI 


1641^1 






(11.980 ±0.206 ±0.000) • 10"^ 




OPAL 


|643J 


Tg = Tl^Vr 




(10.811 ± 0.053) • 10-2 




HFAG 


Winter 2012 fit 






(60.675 ±0.321) • 10"^ 




HFAG 


Winter 2012 fit 




















JDAJDArt 


[OOD] 


VlQ — K V-y 




(^u.oyoo zt u.uuyo ) • w 






wmter zUiz ni 
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-2 
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IU44:I 
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-2 


CLEO 
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-2 
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|646] 






(0.6580 ± 0.0396 ± 0.0000) • 10" 


-2 


OPAL 


|647j 






(3.9031 ± 0.0543) • 10"^ 




HFAG 


Winter 2012 fit 
















(^o.oDy4 It U.UuoU It U.UlUu } • lU 


-2 


R A R A D 

£>A£>Art, 


[DoO] 


Pi'? — h 7T^ ly^ 




(zo.yoD ± U.UyUj • iU 




TUT? A 
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toK 00/1 4-0 1 00 4- n ^^^^ i n^2 
(^zo.yz4 zt u.izy zt U.UUU ) • lu 






[ozyj 






l^zo.o ( u zt u.uiu zt u.oyu j • lu 






[D4o] 






l^ZO.O ( u zt U.^O / ZtU.UUUJ • lU 






IR4QI 






(OK 74n + 944 + n nnn"! . i n^^ 

\^0. 1 ZIZ U.^^^ ZIZ U.UUU ) lU 
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y^O.KJOKJ ZIZ U.U-LU ZIZ U.UUU J lU 




T 


IU4:UI 
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I ^tj.oyu ZIZ u.oou ZIZ u.uuu ) lu 




DPAT- 


Ifi4'^l 

|040J 


- 
I -^^ — 7T TT Ur 




(OK KHA -4- n noo"! 1 
l^zo.ou^ zt u.uyz J • lu 






AA/^intnr OmO fit 
VV lIlLei ZUIZ IIL 


rifi = X^TT^i^^ 




t^U.4oZZ zt U.U14y J • lU 






vvinier zUiz ni 






(^U.444U zt U.Uo04 zt U.UUUU ) • lU 


-2 




[044] 






(Ti zLi fin 4- n nn'^n 4- n ni sn^i i n^ 

|^U.41uU zt U.UUoU zt U.UlOuj • lu 


-2 


R 4 R 4 R 


\f\Kr\\ 

[OOU] 






(Ci Pii nn 4- n i ooi 4- n nnnn^ . i n^ 

I U.OIUU zt U.lZZl zt U.UUUU 1 lU 


-2 










I'D 471 n + n nfi'^'^ + n nnnn'i . i n^ 

I U .4: ( ±U ZIZ U .UUOO ZIZ U .\J\J\J\J 1 ±u 


-2 




16*111 






/in ono _i_ n onc^\ in — 2 
(iU.oUo ± U.Uyo ) ■ iU 




TUT? A 


VVinter ZUlZ nt 






(9.910 ±0.411 ± 0.000) • 10-2 




OPAL 


|643J 


Tig = h-2TT^Vr iex.K°) 




(9.3044 ± 0.0972) • lO^^ 




HFAG 


Winter 2012 fit 






(9.2950 ± 0.1217 ± 0.0000) • 10" 


-2 


ALEPH 


|629| 






(9.4980 ± 0.4219 ± 0.0000) • 10" 


-2 


DELPHI 


|642j 
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Tau lepton branching fraction 


Value 






Exp. 


Ref. 






(8.8800 ± 0.5597 ±0.0000) 


10- 


-2 


L3 


[640] 


£19 

i 13 


/I TT Vr 


(35.874 ±0.442) • lO^^ 
(34.200 ± 1.709 ± 0.000) -10-2 




HFAG 
CLEO 


Winter 2012 fit 
15551 


-^20 


^ 7r"27r°j/^ (ex. 


(9.2414 ± 0.0997) • 10"^ 






HFAG 


Winter 2012 fit 




ii:"27r":/^ (ex. 


(0.0630 ± 0.0222) • 10"^ 






HFAG 


Winter 2012 fit 






(0.0560 ± 0.0250 ± 0.0000) 


10" 


-2 


ALEPH 


16441 






(0.0900 ± 0.1044 ± 0.0000) 


10" 


-2 


CLEO 


16451 


r25 


^h- > 3Tr°Pr (ex./C") 


(1.2349 ±0.0650) • 10"^ 






HFAG 


Winter 2012 fit 






(1.4030 ± 0.3098 ± 0.0000) 


10" 


-2 


DELPHI 


|642] 






(1.1573 ± 0.0717) • 10^2 






HFAG 


Winter 2012 fit 






(1.0820 ± 0.0926 ± 0.0000) 


10" 


-2 


ALEPH 


|629] 






(1.7000 ± 0.4494 ± 0.0000) 


10" 


-2 


L3 


!640] 


r26 

i 13 


1 n 


(4.4dz2 ± 0.z7d ( j • 10 
(4.4000 ± 0.5831 ±0.0000) 


10- 


-2 


HFAG 
CLEO 


Winter 2012 fit 
|652j 




= tt^Stt"^^ (ex. 


(1.0322 ± 0.0749) • 10"^ 






HFAG 


Winter 2012 fit 


-^28 


= K^i-K^Vr (ex. i4:°,r/) 


(4.1870 ±2.1761) • 10"" 






HFAG 


Winter 2012 fit 






(3.7000 ±2.3710 ±0.0000) 


10" 


-4 


ALEPH 


16441 




= /i"47r°i'r (ex.i^°) 


(0.1558 ±0.0391) • 10-2 






HFAG 


Winter 2012 fit 






(0.1600 ±0.0707 ±0.0000) 


10" 


-2 


CLEO 


165:^1 


^ 30 


= ft,^47r''i/^ (ex. 


(0.1091 ± 0.0391) • 10-2 






HFAG 


Winter 2012 fit 






(0.1120 ± 0.0509 ±0.0000) 


10" 


-2 


ALEPH 


|629| 


^ oi 


= > Ott" > ok" > Q^Vr 


(1.5481 ±0.0310) • 10-2 






HFAG 


Winter 2012 fit 






(1.7000 ± 0.2247 ±0.0000) 


10" 


~2 


CLEO 


|645| 






(1.5400 ± 0.2400 ±0.0000) 


10" 


-2 


DELPHI 


|646| 






(1.5280 ± 0.0559 ±0.0000) 


10" 


-2 


OPAL 


16471 


-^33 


= ifg (particles) i^r 


(0.8953 ± 0.0255) • lO'^ 






HFAG 


Winter 2012 fit 






(0.9700 ±0.0849 ±0.0000) 


10" 


-2 


ALEPH 


16271 






(0.9700 ± 0.1082 ±0.0000) 


10" 


-2 


OPAL 


16531 






(0.9797 ±0.0233) • lO^^ 






HFAG 


Winter 2012 fit 






(0.8550 ±0.0814 ±0.0000) 


10" 


-2 


CLEO 


1 J 




— 7f j\ 


(0.8206 ±0.0182) • 10"^ 






HFAG 


Winter 2012 fit 






(0.9280 ± 0.0564 ±0.0000) 


10" 


-2 


ALEPH 


|644| 






(0.8027 ±0.0040 ± 0.0251) 


10" 


-2 


babar 


|655| 






(0.7898 ±0.0040 ± 0.0264) 


10" 


-2 


Belle 


|656] 






(0.9500 ±0.1616 ±0.0000) 


10" 


-2 


L3 


16571 






(0.9330 ± 0.0838 ±0.0000) 


10" 


-2 


OPAL 


|658j 


r37 


= K-K°Vr 


(0.1591 ±0.0157) • 10-2 






HFAG 


Winter 2012 fit 






(0.1580 ± 0.0453 ±0.0000) 


10" 


-2 


ALEPH 


|627| 






(0.1620 ± 0.0237 ±0.0000) 


10" 


-2 


ALEPH 


|644] 



277 



Table 192 continued from previous page 



Tau lepton branching fraction 
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(14.556 ±0.130 ±0.000) • 


10^2 




L3 


|663] 






(14.960 ± 0.238 ±0.000) • 


10-2 




OPAL 


[664] 


T57 


= h-h-h+Vr iex.K°) 


(9.4404 ± 0.0530) • 10"^ 






HFAG 


Winter 2012 fit 



9.5100 ± 0.2119 ± 0.0000) • 10-2 CLEO [665] 
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Tau lepton branching fraction 


Value 






Exp. 


Ref. 






(9.3170 ±0.1218 ±0.0000) 


10- 


-2 


DELPHI 


[642] 




; — 7 — 7-1- / T^i 1 \ 

/i /I h^i^r (ex.A^'j 


(64.776 ± 0.294) • 10"^ 






HFAG 


Winter 2012 fit 


Trr 

-L 55 


h~ h~ ~> n-nonf rolQjy /^nv A^0^ 
/f' / fc / fc ^ Ullt. ULi diDt'x It- A.. XV ) 










(66.000 ± 1.456 ±0.000) • lO'^ 




OPAL 


16641 






(9.4099 ± 0.0531) • 10"^ 






HFAG 


Winter 2012 fit 






(9.4690 ± 0.0958 ±0.0000) 


10- 


-2 


ALEPH 


16291 

11 


L fin 




(9.0018 ±0.0510) • 10^2 






HFAG 


Winter 2012 fit 






(8.8337 ±0.0074 ± 0.1267) 


10- 


-2 


BaBar 


16661 






(8.4200 ±0.0033 ± 0.2588) 


10- 


-2 


Belle 


16671 






(9.1300 ± 0.4627 ±0.0000) 


10- 


-2 


CLE03 






= TT TT TT^i^^ (ex. K^jOj) 


(8.9719 ±0.0511) • 10-2 






HFAG 


Winter 2012 fit 


J. fiR 
OD 


= h^h^h+Ti^Vr {cx.K°) 


(4.6019 ±0.0513) • 10-2 






HFAG 


Winter 2012 fit 






(4.7340 ± 0.0767 ±0.0000) 


10- 


-2 


ALEPH 


16291 






(4.2300 ± 0.2280 ±0.0000) 


10- 


-2 


CLEO 


16651 






(4.5450 ± 0.1478 ±0.0000) 


10- 


-2 


DELPHI 


[64:^1 

L — ■ ' 






(4.5146 ± 0.0524) • 10"^ 






HFAG 


Winter 2012 fit 






(4.1900 ± 0.2326 ±0.0000) 


10- 


-2 


CLEO 


16691 




= ■k~'k~'k'^'k^Vt (ex. if'^jw) 


(2.7659 ±0.0710) • 10"^ 






HFAG 


Winter 2012 fit 




= h^h^h+ > 2n'^Vr {ex.K°) 


(0.5231 ±0.0311) • 10-2 






HFAG 


Winter 2012 fit 






(0.5610 ±0.1168 ±0.0000) 


10- 


_2 


DELPHI 


[642] 


r76 


= h-h-h+2Ti°Vr iex.K°) 


(0.4911 ± 0.0310) • 10-2 






HFAG 


Winter 2012 fit 






(0.4350 ±0.0461 ±0.0000) 


10- 


-2 


ALEPH 


)629| 


1 76 

r54 


n n n Itt v-r (ex. A J 
^ h-h-h+ > Oneutrals > OKli^r 


(3.2326 ± 0.2024) • 10^2 






HFAG 


Winter 2012 fit 






(3.4000 ± 0.3606 ±0.0000) 


10- 


-2 


CLEO 


|670j 




= h-h-h+2Ti^Vr (ex. K°,uj,'n) 


(9.7301 ± 3.5416) • lO-'^ 






HFAG 


Winter 2012 fit 






(3.1986 ±0.3124) • lO"'^ 






HFAG 


Winter 2012 fit 






(2.2000 ± 0.5000 ±0.0000) 


10- 


-4 


CLEO 


[671! 


Tso 


K-TT-h+Ur {ex.K") 


(4.8482 ± 0.0808) • 10-2 






HFAG 


Wintpr 9m 9 fit 

VV iliLCi ZiUXZ; lib 






(5.4400 ± 0.5701 ± 0.0000) 


10- 


-2 


CLEO 


|672] 


Tsi 

i 69 


K IT h^TT^Vr [ex.K") 

TT TT 'TT~\~ 1 1 ( C^'W T^^ \ 

/I /I /I /I /^j- 1 


(1.9323 ± 0.2660) • 10^2 






HFAG 


Winter 2012 fit 






(2.6100 ±0.6155 ±0.0000) 


10- 


-2 


CLEO 


16721 


82 


= K TT 7T^ ^ Oncutralsz^.j- 


(0.4801 ±0.0147) • 10-2 






HFAG 


Winter 2012 fit 






(0.5800 ± 0.1845 ±0.0000) 


10- 


-2 


TPC 


16731 


r85 


= X^TT^TT+I^r (eX.iVr") 


(0.2929 ± 0.0068) • 10^2 






HFAG 


Winter 2012 fit 






(0.2140 ±0.0470 ±0.0000) 


10- 


-2 


ALEPH 


16741 






(0.2726 ±0.0018 ± 0.0092) 


10- 


-2 


babar 








(0.3300 ±0.0013 ±0.0166) 


10- 


-2 


Belle 


|667] 






(0.3840 ± 0.0405 ±0.0000) 


10- 


-2 


CLE03 








(0.4150 ±0.0664 ±0.0000) 


10- 


-2 


OPAL 


m 
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Table 192 continued from previous page 
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9.1.1 Correlation between base nodes uncertainties 

The following tables report the correlation coefficients between base nodes, in percent. 
Table 193: Base nodes correlation coefficients in percent, section 1 
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Table 194: 


Base nodes correlation coefficients 


in percent, section 2 
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Table 195: 


Base nodes correlation coefficients 


in percent, section 3 
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Table 196: Base nodes correlation coefficients in percent, section 4 



-2 

Tir -0 -0 





-2 


-5 


-19 
























r53 


-0 








-0 
























1 


-0 


-0 


-0 


-0 






















-0 








-0 


-0 


-19 























-0 


-0 








-1 


-7 





















-0 


-0 


-0 


-0 


2 


-2 


-1 



















-0 


-0 


-0 


-0 


14 


-4 


-0 


1 























-0 


-0 


-0 


-2 


-0 


-0 


-0 










Tioa 





-0 


-0 


-0 


-0 


3 


-1 


-0 


4 


1 


-0 








rio4 


-0 


-0 











-0 





1 


-36 








-11 






ri26 





-0 


-0 


-0 


-0 


1 


-0 


-5 








-0 












r42 


r44 


^47 


r48 


r53 


r62 






r78 


r93 


r94 


rio3 


rio4 


ri26 




Table 197 


: Base nodes correlation coefficients 


in percent, section 5 
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Table 198: Base nodes correlation coefficients in percent, section 6 
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9.1.2 Equality constraints 

We use equality constraints that relate a branching fraction to a sum of branching fractions. 
As mentioned above, the tau branching fractions are denoted with r,„ labels. In the constraint 
relations we use the values of some non-tau branching fractions, denoted e.g. with the self- 
describing notation Fi^-g^TrOTrO- We also use probabilities corresponding to modulus square 
amplitudes describing quantum mixtures of states such as K*^, K , Ks, K^, denoted with e.g. 
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^<ko\Ks> — l<-^°|-^5>P- III the fit, all non-tau quantities are taken from the PDG 2011 [S] 
fits (when available) or averages, and are used without accounting for their uncertainties, which 
are however in general small with respect to the uncertainties on the tau branching fractions. 
The tau branching fractions are illustrated in Table 11921 The equations in the following permit 
the computation of the values and uncertainties for branching fractions that are not listed in 
Table I192[ once they are expressed as function of the quantities that are listed there. The 
following list does not include the (non-linear) constraints already introduced in Section 19. H 
and illustrated in Table I192[ where some measured branching fractions are expressed as ratios 
of "base" branching fractions. 
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+ ri52 • (r ) + Tys + Tjj + Tg4 + Tq2 + Tyo + Fga 
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Tiso = Tgoo + Fisi 

r804 = r47 • (r<A-o|i<-t> • r<KO|K^>)/ (r<xo|i<-s> ■ r<A:o|A:s>) 

Tau = + Fs + Fg + Fig + F14 + Fig + F20 + F23 + F27 + F28 + F30 + F35 + F37 + F40 + F42 + F47 

+ F48 + Fg2 + F70 + F77 + F78 + Fg3 + Fg4 + F104 + F126 + F128 + F802 + F8O3 + FboO + F151 
+ Fi3o + F132 + F44 + F53 + F4g + F804 + Fbqs + Fbqi + F152 + F103 



9.1.3 Fit procedure 

The fit procedure is functionally equivalent to the one employed in the former HFAG report [1] 
and consists in a minimum fit subject to linear and non-linear constraints. The fit code 
has been improved to automatize the treatment of non-linear constraints, which are iteratively 
Taylor-expanded to obtain numerically approximate linear constraints, which permit an ana- 
lytical solution for the minimization when, as it happens in this case, the is a quadratic 
function of the fitted quantities. 
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9.2 Tests of lepton universality 



In the Standard Model, the partial widths of a heavier lepton L decaying to a lighter lepton 
are, neglecting neutrino masses and including radiative corrections [689] . 



Tl 1927r^ V m 



r(L z.,^,(7)) = = ^^^^ / ( ^ ) r'wr' 



2 'W'-f > 



where 



G£ = — ^ f(x) = l-8x + 8x^ -x^-12xHnx 

■■- = ^ + 551 '■' = ^ + ^(t-^ 

We use r;; = 1 - 43.2 ■ 10"^ and = 1 - 42.4 ■ 10"^ [689J and Mw from PDG 2011 [5J as usual. 

Proper ratios of the above partial widths, corrected by the suitable above-illustrated factors 
to remove the dependencies from masses and radiative corrections, measure ratios of charged 
weak lepton coupling constants. Using the HFAG-Tau fit values where available and using 
PDG 2011 for the remaining quantities, we measure, accounting for the statistical correlations 
emerging from the HFAG-Tau fit: 

1.0006 ± 0.0021 , f — 1 = 1.0024 ±0.0021 , f ^ 1 = 1.0018 ± 0.0014 . 



9^lJ \9eJ \g. 

Tau decays partial widths to hadrons compared to the same hadron decay to muons measure 
the tau-muon universality of charged weak couplings as follows: 



g^J B{h i^Uf,) (1 + Sh)mlTr \l - ml/ ml 

where h = n or K and the radiative corrections are 6.,^ = (0.16 ± 0.14)% and 6k = (0.90 ± 
0.22)% [690]. Using the HFAG-Tau data and PDG 2011 we measure: 

= 0.9956 ±0.0031 , ( — ) = 0.9852 ± 0.0072 . 

Similar tests could be performed with decays to electrons, however they are less precise because 
the hadron two body decays to electrons are hehcity-suppressed. Averaging the three gr/gfi 
ratios we obtain 

— J = 0.9996 ± 0.0020 , 

accounting for statistical correlations. 
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9.3 Universality improved S(t — )- euiy) and .Rhad 

Following Ref. |691] . we assume lepton universality to obtain a more precise experimental 
determination of -Be = B{t — )■ ez7e^r) using the tau branching fraction to muon and the 
tau lifetime, by averaging the Bg direct measurement, the determination from assuming 
that gf_i/ge = 1 hence (see also Section \^7I\i = B^ ■ f{ml/m^)/f{m'j^/ml), and B^. from 
assuming that Qr/gfi = 1 hence Be = B{fi eVei>^) ■ {rr/r^) ■ {mr/m^f-f {ml/ml)/f{ml/m'l^) ■ 
{SZ^Sy^r) / [Sl^jS'^) where B[^ — )■ eVeV^) = 1. Accounting for statistical correlations, we obtain 

5^"^ = (17.839 ± 0.028)%. 
We use to obtain the ratio 

R,^, = ^ h^di-ons) ^ g ^^gO ± 0.0094. 
r — )■ euu 

Here r(r — )■ hadrons) is obtained by summing all tau hadronic decay modes. 



9.4 \Vus\ measurement 

The CKM coefficient \Vus\ can be measured in several ways from the comparison of tau partial 
widths to strange and non-strange final states. 



9.4.1 Inclusive tau partial width to strange 

The tau hadronic partial width is the sum of the tau partial width to strange and to non- 
strange hadronic final states, Fhad = Ts + ^va- Dividing by the partial width to electron, Fe, 
we obtain partial width ratios (which are equal to the respective branching fraction ratios) for 
which i?had = Rs + RvA- In terms of such ratios, \Vus\ is measured as 



\Vus\ — \ Rs/ 



5R 



IK 



ud 



2 " -'''theory 



(220) 



where (5-Rtheory can be determined in the context of low energy QCD theory, partly relying on 
experimental low energy scattering data. We use 5-Rtheory = 0.240 ± 0.032 [692], which induces 
a systematic error on \Vus\ that lies between two more recent estimates ^693^169^ . 

In the following, we use the universality improved 5g " (see Section 19. 3p to compute the R 
ratios. The most direct experimental determination of Rg and Rva = Rhad — Rs come from the 
tau inclusive branching fractions to hadronic and strange hadronic states, -Bhad and Bs. However 
often the total hadronic branching fraction has been replaced by the indirect but more precise 
expression -BJ^ad = ^ ~ Be — B^ (or similar expressions based on -B™^), using unitarity, see for 
example the 2009 HFAG report [4]. We depart from this choice here, and we use the most 
direct determination of -Rhad, for two reasons: first there is no significant statistical gain in 
the final errors, because of statistical correlations in the -Rhad expression {1 — Be — -B^)/-Bg°'^, 
and second the indirect determination of Rva = -Rhad " -Rs would absorb the effect of possible 
unobserved hadronic states entirely in Rva-, while they could also be strange final states. 

With the above choices, using = 0.97425 ± 0.00022 [695J, using HFAG values of this 
report, including the above-mentioned -B""^'^, Bs = (2.875 ± 0.050)% (see also Table 11991) . 
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Table 199: HFAG Winter 2012 Tau branching fractions to 



strange final states. 



Branching fraction HFAG Winter 2012 fit 







(0.6955 ±0.0096) 


• 10 


-2 


Tie = 




(0.4322 ±0.0149) 


• 10- 


-2 




= K-2TT"ur (ex. K°) 


(0.0630 ±0.0222) 


• 10- 


-2 


= 


= K^in^Vr (ex. if", 77) 


(0.0419 ±0.0218) 


• 10- 


-2 






(0.8206 ±0.0182) 


• 10 


-2 




= TT K TT Vr 


(0.3649 ±0.0108) 


• 10 


-2 




= Tr-K\\%r 


(0.0269 ±0.0230) 


• 10 


-2 


r53 = 


= K h^h^h^Vr 


(0.0222 ± 0.0202) 


• 10 


-2 


ri28 


= K^rjVr 


(0.0153 ±0.0008) 


• 10- 


-2 


ri3o 


= K^n'^jjVr 


(0.0048 ±0.0012) 


• 10- 


-2 


ri32 


— TT^ K rjVr 


(0.0094 ±0.0015) 


• 10- 


-2 


ri5i 


= K^LUVr 


(0.0410 ± 0.0092) 


• 10- 


-2 


Tsoi 


= K-(t>Vr{(t>^ KK) 


(0.0037 ±0.0014) 


• 10- 


-2 


r802 


= K-jT-n+Vr (ex. K",uj) 


(0.2923 ±0.0068) 


• 10- 


-2 


r803 


= K^n^TT^TT^Vr (ex. K°,uj,ri) 


(0.0411 ±0.0143) 


• 10- 


-2 


TllO 


= X;Vr 


(2.8746 ± 0.0498) 


• 10- 


-2 



BvA = (61.85±0.11)%) and the PDG 2011 averages, we obtain |Ks|r. = 0.2173±0.0022, which 
is 3.4(7 lower than the unitarity CKM prediction |Vu<j|uni = 0.2255 ± 0.0010, from (|Kis|uni)^ = 
1 ~ iKidP- The IKjsIts uncertainty includes a systematic error contribution of 0.0010 from the 
theory uncertainty on SRtheory, 

If we use the alternative above mentioned definitions of i?had, the mismatch remains 3Aa. 
Using a unitarity-constrained tau branching fraction fit, the mismatch remains 3Aa. The 3Aa 
discrepancy is close to the unconstrained fit result of the 2009 HFAG report, 3.6cr |4j, and 
also to the 3.3a from the HFAG- Tau 2011 intermediate document [696], based on a unitarity- 
constrained fit. 

9.4.2 \Vus\ from B{t Ku)/B{t izu) and from B{t Ku) 

We use the ratio of branching fractions B{t^ — )■ K~Vr)/ B{t~ — t- ti^Vt) = 0.0643 ± 0.0009 to 
measure \Vus\ from the equation 



B{t- 


K-Ur) 




Vus? 


(1 


- m\/mlf rLD(r 


^ K-Vr) 


B{t- 


—7- Tl^Ur) 






(1 




— > Tl^Vr) 



In this ratio, the short-distance radiative corrections cancel. The term tldIp) = 1+<^ld(p) corre- 
sponds to the long-distance electroweak radiative correction factor for the process p. Following 
Ref. |697j . the ratio of radiative correction factors is estimated as = tldIt^ — > K^v jK^ — t- 
[T y) I ris[:,{T~ — )■ n'-u/n' — )■ /i~z/) ■ riji{K~ — )■ lJi~ v) / ruy^n' — )■ yU~z/), where the first ratio is 
[1 + (0.90 ±0.22)%]/[l + (0.16 ±0.14)%] |698] and the second ratio is (0.9930 ± 0.0035)% [699] . 
hence assuming independent errors = 1.0003 ± 0.0044. The ratio fx/ f-K is estimated in 
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I— •— I 
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l-»H 



■ I ■ ■ ■ ■ I ■ ■ ■ ■ I ■ 
0.215 0.22 0.225 

|V I 
' us' 



decays, FlaviaNet 2010 
0.2254 ±0.001 3 

decays, FlaviaNet 201 
0.2252 ±0.001 3 

CKM unitarity 
0.2255 ±0.0010 

x^Kv/x^Tiv, HFAG 2012 
0.2229 ±0.0021 

Kv, HFAG 2012 
0.221 4 ±0.0022 

X ^ s inclusive, HFAG 2012 
0.21 73 ± 0.0022 

X average, HFAG 2012 
0.2202 ± 0.0015 



MFAG-Tau 



Figure 86: \Vus\ averages of this document compared with the FlaviaNet results |702j . 



lattice QCD to be 1.1936 ± 0.0053 We measure \Vus\rK/^ = 0.2229 ± 0.0021, 1.1a below 

the CKM unitarity prediction. 

We use the branching fraction B{t~ — )■ K~Vr) to measure l^^^l from the equation 

"-^ = — 16^^^^ — y-Kj 

where fx = 156.1 ± 1.1 MeV |174j is the kaon decay constant estimated with lattice QCD, 
and Sew = 1-0201 ± 0.0003 |700j accounts for the radiative corrections. We obtain |V^s|rX = 
0.2214 ±0.0022, with is 1.7cr below the CKM unitarity prediction. CODATA 2006 results [TOT] 
and PDG 2011 have been used for the physics constants. 

9.4.3 \Vus\ from tau summary 

We summarize the \Vus\ results reporting the values, the discrepancy with respect to the \Vus\ 
determination from CKM unitarity, and an illustration of the measurement method: 

|K.|uni = 0.2255 ±0.0010 from v^l - (CKM unitarity) , 

\Vus\rs = 0.2173 ±0.0022 - 3.4ct from r(r- -> X^z/^) , 

\Vus\rK/n = 0.2229 ± 0.0021 - 1.1a from r(r" K''Ur)/T{T' n'Ur) , 

\Vus\rK = 0.2214 ± 0.0022 - 1.7a from r(r" ^ K^Ur) . 

Thanks to the improved lattice QCD determination of fx |174j . the uncertainty on iKislr.ft' 
has been significantly reduced with respect to the previous HFAG report. Averaging the three 
above \Vus\ determinations we obtain: 

\Vus\t = 0.2202 ± 0.0015 — 2.9a average of 3 \Vus\ tau measurements. 
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We could not find a published estimate of the correlation of the uncertainties on fx and fx/ fn, 
but even if we assume ±100% correlation, the uncertainty on \ Vus\t does not change more than 
about ±5%. Figure [86] summarizes the |V^<i| results. 

9.5 Upper limits on tau LFV branching fractions 

We list in Table 12001 the up-to-date upper limits on the tau LFV branching fractions. 



Table 200: HFAG Winter 2012 upper limit for the lepton 
flavor violating r decay modes. L means lepton number 
violation as well as the lepton flavor violation. 



Decay mode 


Category 


90% CL 
Limit 


Exp. 


Ref. 


Tise = e"7 


h 


< 12.0 ■ 10-^ 


Belle 


)703| 






< 


3.3 ■ 10-s 


BABAR 


|704j 


ri57 = /W~7 




< 


4.5 ■ 10-s 


Belle 


[7D3] 






< 


4.4 • 10-s 


BABAR 


[701] 


Tiss = e^vr'^ 


ip° 


< 


2.2 ■ 10-8 


Belle 


[705] 






< 


13.0 ■ 10-8 


BABAR 


17061 


Tisg = /i"7r° 




< 


2.7- 10-8 


Belle 


[705J 






< 


11.0 ■ 10-8 


BABAR 


[706] 


ri62 = e"?7 




< 


4.4 • 10-8 


Belle 


[7051 






< 


16.0 • 10-8 


BABAR 


[7061 


Ties = fJ'^V 




< 


2.3 ■ 10-8 


Belle 


[705] 






< 


15.0 ■ 10-8 


BABAR 


[706] 


Tm = e-r/'(958) 




< 


3.6 ■ 10-8 


Belle 


|705| 






< 


24.0 • 10-8 


BABAR 


[706] 


ri73 = /i~r/'(958) 




< 


3.8 • 10-8 


Belle 


[705] 






< 


14.0 • 10-8 


BABAR 


[706] 


ri6o = e K'^s 




< 


2.6 ■ 10-8 


Belle 


[707] 






< 


3.3-10-8 


BABAR 


|708| 


Fiei = fi-K'^s 




< 


2.3 • 10-8 


Belle 


[707] 






< 


4.0 ■ 10-8 


BABAR 


[708] 


Tm = e-/o(980) 


/so 


< 


3.2 ■ 10-8 


Belle 


[709] 


ri75 = /^^/o(980) 




< 


3.4- 10-8 


Belle 


[7DU] 


ri64 = e p 




< 


1.8 • 10-8 


Belle 


[710] 






< 


4.6 • 10-8 


BABAR 


|711| 


Ties = /i P 




< 


1.2 • 10-8 


Belle 


|710| 






< 


2.6 ■ 10-8 


BABAR 


[711] 


Ties = e-i^*(892)° 




< 


3.2 ■ 10-8 


Belle 


m 






< 


5.9 • 10-8 


BABAR 


[711] 


ri69 = /i-^*(892)° 




< 


7.2 ■ 10-8 


Belle 


[71U] 






< 17.0 ■ lO^s 


BABAR 


i7ir| 


Firo = e-Z*(892)° 




< 


3.4 ■ 10-8 


Belle 


|710| 






< 


4.6 ■ 10-8 


BABAR 


|711| 
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Table 200 — continued from previous page 









Category 






Ref. 


Decay mode 




Limit 


Exp. 


J- 171 


= 


K (892) 




< 


7.0 


1 n— 8 
10 


rSelle 


71 nl 
[710J 










< 


7.3 


10 * 


BABAR 


i7i 1 1 


J- 176 


= e~ 


' J. 




< 


3.1 


10 


rSelle 


[710j 










< 


3.1 


1 n-8 
iU 


T~) A J~> A n 

BABAR 




J- 177 


= 






< 


8.4 


1 n— 8 
10 


iielle 


1^1 nl 










< 19.0 


1 n— 8 
10 


dAdAR 


1*71 1 1 


"P 

J- 166 


= e~ 






< 


4.8 


1 n-8 
iU 


oeiie 


1*71 nl 
|710| 










< 11.0 


1 n— 8 
10 


BABAR 


1^71 Ol 

[712J 


J- 167 


= 






< 


4.7 


1 n-8 
iU 


rseiie 


PtTTTI 
|710| 










< 10.0 


1 n— 8 
10 


BABAR 


1^71 ol 

[712j 


J- 178 


= e~ 


- + - 
e e 


III 


< 


2.7 


1 n— 8 
10 


rSelle 


[713j 










< 


2.9 


10 * 


BABAR 


1 '71 TI 

[714] 


J- 181 


= 


- + - 
e e 




< 


1.8 


1 n— 8 
10 


rSelle 


1*71 Ql 

[7131 










< 


2.2 


10 * 


BABAR 


1^71 /I 1 


p 

J- 179 


= 






< 


2.7 


1 n— 8 
10 


rSelle 


1*71 Ql 

|713| 










< 


3.2 


1 n-8 
10 


BABAR 


1^71 A 1 


p 

J- 183 


= 






< 


2.1 


1 n— 8 
10 


ijelle 


1*71 Ql 

I713j 










< 


3.3 


1 n— 8 
10 " 


R A R /I D 
dAdAR 


1*71/^1 


J- 182 


= e~ 


> + e~ 




< 


1.5 


1 n-8 
iU 


rSeile 


1*71 Ql 

I713j 










< 


1.8 


1 n— 8 
10 " 


7~) A 7~~) A T~l 

BABAR 


1^71 A 1 


p 

J- 180 


= 


- + 
e jj,— 




< 


1.7 


1 n— 8 
10 


oelle 


1*71 Ql 

|713| 










< 


2.6 


1 n— 8 
10 " 


BABAR 


1^71 A 1 


p 

J- 184 


= e~ 


- + - 


Inn 


< 


2.3 


1 n— 8 
10 


Belle 


[715J 










< 


12.0 


10 * 


7~> A Ti A 

BABAR 


[716] 


J- 186 


= f^' 


- + — 
TT TT 




< 


2.1 


1 n— 8 
10 


rJelle 


H15J 










< 


29.0 


1 n— 8 
10 




1^71 r 1 

1716] 


p 

J- 188 


= 


TV K 




< 


3.7 


1 n— 8 
10 


rselle 


[715] 










< 


32.0 


1 n— 8 
10 " 


BABAR 


[716] 


p\ 

J- 194 


= 






< 


8.6 


1 n— 8 
10 


R,^11^ 

rSelle 


[715J 










< 


26.0 


10 * 


7~> A T~) A 1 '\ 

BABAR 


[716] 


p 

J- 189 


= 


K TT 




< 


3.1 


1 n— 8 
10 


Belle 


^71 SI 

[715] 










< 


17.0 


10 * 




1 '7 1 /n 

[716] 


p 

J- 195 


= 






< 


4.5 


1 n— 8 
10 


Belle 


1^71 Cl 

[715] 










< 


32.0 


1 n— 8 
10 


BABAR 


[716] 


pi 

J- 192 


= 


K K 




< 


3.4 


1 8 
10 


Belle 


^71 Kl 










< 


14.0 


1 n— 8 
10 " 


R ,1 R /4 t:> 

BABAR 


71 (l\ 

um 


J- 198 


= 


K K 




< 


4.4 


1 n-8 
iU 


R,^11^ 

Belle 


1*71 c;l 
[715] 










< 


25.0 


10-8 


TD A ID A 

BABAR 


[TTSl 


Tigi 


= e~ 






< 


7.1 


10-8 


RqIIq 

jDeiie 


1*7^*71 


ri97 


= 






< 


8.0 


10-8 


Belle 


|707| 


ri85 




'7T TT 


(L) 


< 


2.0 


10-8 


Belle 


[715] 








(L) 


< 


27.0 


10-8 


BABAR 


[716] 


ri87 


= /^^ 




(L) 


< 


3.9 


10-8 


Belle 


|715| 
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Table 200 — continued from previous page 





Category 


yu/o 




Ref. 


Decay mode 


Limit 


Exp. 






^ V n 1 n — 8 


BAUAR 


1^71 «l 

um 


J- 190 = e TT A 




^ Q o 1 n— 8 
< O.Z • iU 


rSelle 


I715j 




/'T \ 

(L) 


^ 1 o 1 n — 8 

< io. • ID 


BAdAR 


[71 6J 


i 196 = TT A 


(L) 


^ /I o 1 n — 8 


rSelle 


'71 Kl 

^7151 




I'T ^ 
l^j 


^ 00 n 1 n~8 
< ZZ.U ■ iU 


TD A ID A r) 

jdAidAR 


|71bj 


J- 193 = e A A 


/'T \ 
l^) 


< o.o • iU 


rSelle 


I715j 




/'T A 

(L) 


^ 1 r n 1 n — 8 
< io.U ■ iU 


nAnAR 


1^1 «i 
[716J 


J- 199 — A* -f^ -f^ 




< 4. ( • iU 


oeiie 


71^ 






^ AQ n 1 n— 8 
< 4o.U • iU 


TD A TD A r> 

dAdAR 


[716J 


i 211 = vr /I 


/I A 
A tl 


< o.U • iU 


rSelle 


71 'tI 

[717j 






< O.O ■ iU 


TD \ TD A 

JdAjdAR 


L718j 


J- 212 — vr /i 




^ o o 1 n— 8 


rSeile 


I7l 71 






^ o.y ■ iu 




71^ 


r,, = K-A 




< 4.2 ■ 


Belle 


1717] 






< 15. ■ 


BABAR 


|718| 






< 3.1 ■ 10-s 


Belle 


|717| 






< 7.2 ■ 10-^ 


BABAR 


m 



Figure 1871 summarizes the upper limits on the tau lepton-fiavor- violating branching fractions. 
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;ure 87: Tau lepton-flavor-violating branching fraction upper limits summary. 
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10 Summary 



This article provides updated world averages for 6-hadron properties using results available 
before the end of 2011. In some sections, results that appeared before the end of April 2012 
are also included. 

Concerning 6-hadron lifetime and mixing averages, the most significant changes in the past 
two years are due to new results from the CDF, DO and LHCb experiments, mainly in the 
sector. While the Tevatron experiments have updated some of their analyses with the full Run II 
data sample, LHCb has just entered the game and is taking the lead already with results based 
on the 2010-2011 data samples collected at the LHC. While the updated DO like-sign dimuon 
asymmetry still deviates from the Standard Model prediction (with a significance increased to 
3.9 o"), there is still no evidence of CP violation in either or B^ mixing, with precisions on the 
semileptonic asymmetries reaching below the 1% level. However, the most impressive progress 
was achieved in the analysis of B^ — )■ J/tp (j) decays, where new or significantly improved results 
became recently available from CDF, DO and LHCb. The non-zero decay width difference in 
the S° — Bg system is now firmly estabhshed, with a relative difference of (14 ± 2)%. Its sign 
has also been determined by LHCb: the heavy state of the S° — system lives longer than 
the light state, as expected in the Standard Model. In contrast, and despite the recent efforts 
from Belle, the relative decay width difference in the B^ — B system, which has momentarily 
reached a shghtly better absolute precision, is still consistent with zero. One the other hand, 
a quantum step has been achieved in the measurement of mixing-induced CP violation in B^ 
decays proceeding through the h — ?> ccs transition: the corresponding weak phase has been 
pinned down to a precision below 0.1 radian and is so far compatible with the Standard Model 
expectation. 

The measurement of sin 2/3 = sin 20i from h — )■ ccs transitions such as B^ — )■ J/ip has 
reached < 3 % precision: sin 2/3 = sin 20i = 0.679±0.020. Measurements of the same parameter 
using different quark-level processes provide a consistency test of the Standard Model and allow 
insight into possible new physics. Recent improvements include the use of time-dependent 
Dalitz plot analyses of 5° — )■ K^K'^K^ and B^ — > K^^ti^-k^ to obtain CP violation parameters 
for 4>K^, /o(980)i^3 and pK^- AH results among hadronic b ^ s penguin dominated decays are 
currently consistent with the Standard Model expectations. Among measurements related to 
the Unitarity Triangle angle a = (j)2, results from the pp system allow constraints at the level 
of ~ 6°. Knowledge of the third angle 7 = 03 also continues to improve. Notwithstanding the 
well-known statistical issues in extracting the value of the angle itself, the world average values 
of the parameters in i? — )■ DK decays now show significant direct CP violation effects. 

Regarding semileptonic B meson decays, the B factories Belle and BABAR continue to domi- 
nate the field and a number of results have appeared since the last update. Semileptonic decays 
remain a focus of interest for theorists: New lattice QCD and light-cone sum rule results help 
to understand exclusive transitions. Inclusive semileptonic decays are understood at full 0{a'^). 
Still, the experimental situation is not satisfactory: While inclusive and exclusive determina- 
tions of \Vcb\ agree at the level of 2a, inclusive and exclusive measurements of \Vub\ differ by 
three standard deviations. Clearly more effort on the experimental and theory side is required 
in the future. 

The most important new measurements of rare decays are coming from the LHC. CMS and 
LHCb both have restrictive limits for the decays B — )> p^p^ and Bg — )■ p'^p~ . The sensitivity 
is approaching the SM expectations with no significant signals seen yet. LHCb has already 
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Table 201: Selected world averages from Chapters [3] and IH 



b-hadron lifetimes 




r(i?0) 


1.519 ±0.007 ps 




1.642 ± 0.008 ps 


ns's) = 1/r. 


1.509 ±0.012 ps 




0.458 ± 0.030 ps 




1.413 ±0.030 ps 


b-hadron fractions 




f+-/f 00 in Y{AS) decays 


1.056 ±0.028 


fs in T{5S) decays 


0.199 ±0.030 


fs, /baryon in Z decays 


0.103 ±0.009, 0.090 ±0.015 


fs, /baryon at Tcvatron 


0.103 ±0.012, 0.236 ±0.067 


and mixing / CPV parameters 




Amd 


0.507 ±0.004 ps-i 


\(llp\d 


1.0002 ± 0.0028 


Arris 


17.719 ± 0.043 ps-i 


ATs = Tl - Th 


+0.095 ± 0.014 ps^i 


Iq/pIs 


1.0052 ± 0.0032 




U.U^^^Q Qg5 


Measurements related to Unitarity Triangle angles 




sin2/3 = sin20i 


0.679 ± 0.020 


/3 = 0i 


(21.4 ±0.8)° 




n 74 +011 

^■'^ -0.13 


-rjS-n'RO 


0.59 ±0.07 


-vSrOrOro 


0.72 ±0.19 


-VSr+r-ro 


0.68;°:?^ 




0.93 ±0.15 


SR*-y 


-0.16 ±0.22 




-0.65 ±0.07 




-0.36 ±0.06 


Sp+p- 


-0.05 ±0.17 


a{D*^7i^) 


-0.039 ±0.010 


Acp{B^Dcp^K) 


0.19 ±0.03 




-0.54 ±0.12 




0.0153 ±0.0017 
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Table 202: Selected world averages at the end of 2011 from Chapters [5H71 



Semileptonic B decay parameters 




B{B^ D*+e-v) 


(4.95 ± 0.11)% 


B{B- D*^tV) 


(5.70 ± 0.19)% 


T{l)\Vrb\ 

V / 1 f--" 1 


(35.90 d= 0.45) x 10"^ 


iKfel from 5 ^ DH-Vi 


(39.54 ± 0.50exn ± 0.74th) x lO^^ 


jS(B° D+i'V) 


(2.18 ± 0.12)% 


B{B- D^tV) 


(2.26 ± 0.11)% 




(42.64 ± 1.53) X 10"^ 


\Vcb\ from B — t- D£~Vi 


(39.70 ± 1.42cxp ± 0.89th) x 10"^ 


B(B ^ XJ-Vf) 


(10.51 ± 0.13)% 


B(B ^ Xi-Vi) 


(10.72 ±0.13)% 


\Vcb\ from i? — > X£~z7^ 


(41.88 ±0.73) X 10^3 


B{B ^ -KtV) 


(1.42 ± 0.05) X lO"'^ 


\Vub\ from B — ^ ixi^V 


(3.23 ± 0.30) X 10"^ 


\Vub\ from B — )• X^^^^V 


(4.40 ± 0.15exn ± 0.20th) X 10~^ 


Rare B decays 




B(B ^ X.'y) 


(3.55 ± 0.24 ± 0.09) x lO"'^ 


B{B+ T+v) 


(1.67 ± 0.30) X 10"^ 


Afb(5° ^ K*°i^+i^-) in bins of = m^{^i+^-) 


see Table |l4l| 


B{B^, ^ /xV-) 


< 1.2 X 10-8 (90% C.L.) 


Acp{B^ K+n-) 


(-0.087 ±0.008) 


Acp{B+ K+n^) 


(0.037 ±0.021) 




(0.29 ±0.07) 



produced many other results on a wide variety of decays as indicated in the tables in Sec. [3 
Belle and BABAR continue to produce new results though their rates are dwindling. It will still 
be some years before we see new results from upgraded B factories. 

Many b to charm results from LHCb are included in our report for the first time this 
year, combining with results from BABAR, Belle and CDF to yield a total of 632 measurements 
reported in 216 papers. The huge combined sample of b hadrons allows measurements of decays 
to states with open or hidden charm content with unprecedented precision. 

In the charm sector, D^-D^ mixing is now well-established. Measurements of 38 separate 
observables from five experiments are input into a global fit for 10 underlying parameters, and 
the no- mixing hypothesis is excluded at a confidence level corresponding to 10.2cr. The mixing 
parameters x and y (see Table [2031) differ from zero by 2.7a and 6.O0", respectively. The central 
values are consistent with mixing arising from long-distance processes, as predicted by theory; 
thus it will probably be difficult to identify new physics from mixing alone. The WA value 
for the observable y^p is positive, which indicates that the CP-even state is shorter-lived as in 
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Table 203: Selected world averages at the end of 2011 from Chapters [8] and El 



mixing and CPV parameters 




X 


(0.63+°-^^)% 

\ —0.20/ ' ^ 


V 


(0.75 ± 0.12)% 


An 
u 


(-1.7 ± 2.4)% 


\qIp\ 

r 


0.88 +°-|^ 

— U. lb 

(-10.1+^-^)° 


Xi2 (no direct CPV) 


(0.62 ±0.19)% 


"Un fno direct CPV) 


(0.75 ±0.12)% 


(no direct CPV) 


(4.9+")° 

V — D.5/ 


^CP 


(-0.02 ± 0.23)% 


CP 


(-0.66 ± 0.15)% 


T naramet.ers Tjpnt.on T Jniversalit.v and W 




y/i/ We 


1 0018 ± 0014 


^ / ^ 
i/r/ y/i 


1 0006 ± 0021 





1 0024 ± 0021 


e 


(17.839 ± 0.028)% 


Rhad 


3.6280 ± 0.0094 


\Vus\ from i3(r" K~v^) 


0.2214 ±0.0022 


\Vus\ from i3(r" K^u^)/B{t^ tt^z/.^) 


0.2229 ±0.0021 


from inclusive sum of strange branching fractions 


0.2173 ±0.0022 


\Vus\ tau average 


0.2202 ±0.0015 



the K^-K^ system. However, x also appears to be positive, which implies that the CP-even 
state is heavier, unlike in the K^-K^ system. In the D^-D^ system, there is no evidence for 
CPV arising from mixing {\q/p\ 7^ 1) or from a phase difference between the mixing amplitude 
and a direct decay amplitude (0 7^ 0). However, both the LHCb and CDF experiments have 
obtained evidence for direct CPV in D^^K~^K~ and ^tt^tt^ decays. These experiments 
measure nonzero values for the difference in direct CPV between K^K~ and vr+vr" modes, 
which requires that direct CPV exists in at least one of them. Inputting these measurements 
into a global fit and also including measurements from Belle and BABML gives Aa^p 7^ with 
a significance greater than 4(T. 

Concerning tau decays, in this report we include three new tau branching fraction measure- 
ments from the i?-factories, and we provide more information on the tau branching fraction 
fit. The \Vus\ calculation uses now a more complete set of tau branching fractions to strange 
final states, and thanks primarily to improvements in QCD lattice predictions, two tau deter- 
minations of \Vus\ have reduced errors. For the first time, we compute an average of all \Vus\ 
determinations with tau data. 
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